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Nanophotonic phased array (NPA) technology has been an active topic of research 

for many years. This is due to its widespread applicability in the emerging fields of 

virtual reality (VR) and light detection and ranging (LIDAR). This thesis describes an 

integrated NPA system consisting of an optical phased array and its electrical driver 

circuit. These two components are realized in two separate ñchipsò: an optical chip (OC) 

for generating and routing light; and, a ñmotherboard chipò (MB) for creating the 

current drivers for the individual elements of the array. The driver circuit sources 

voltage or current to modulate the phase or amplitude (or both) of the optical output 

beams of each unit in the phased array. The output beams interfere with each other 

either constructively or destructively in such a way as to replicate the light field of a 

portrayed scene (forming a VR image) or to form a steerable beam (LIDAR). This 



 

 

dissertation centers on the realization of a scalable thermo-optic based NPA system. 

The thermo-optic based system changes the phase of the output beam emerging from 

an individual emitter by locally heating the optical path through which the beam 

emerges from the array. To realize a large NPA system with pixel-level independent 

phase control, the size of a driver circuit unit must be matched to the size of the 

individual phased array element, or pixel. This must be accomplished, while at the same 

time avoiding interconnection congestion issues. This poses a critical design challenge 

for the driver circuit limiting its functionality. Also, a large amount of heat is generated 

in the thermo-optic system. Unintentional spreading of this heat through the array 

(known as proximity effect) not only introduces phase errors across the array, but it also 

causes reliability issues in the densely integrated electronic elements of the array. To 

overcome these issues, my thesis was divided into the following tasks. 

First, I conducted a comprehensive simulation based thermal study of our 

proposed integrated NPA system using the COMSOL finite element method (FEM) 

solver. The study includes detailed single pixel simulations characterizing the thermo-

electrical properties of the system. This helped guide the driver circuit design. It further 

enabled small array simulation for quantifying thermal spread blurring (proximity 

effect) and phase errors. The thesis includes transient simulations to show the response 

speed of the system. I show that our system requires less than 50 µs to reach a target 

temperature. I introduce a model simplification method to reduce the computation 

resource requirement of system-level simulations. These calculations tell us how large 

the array can be without incurring thermal damage. 

This thesis further discloses a unique broken-loop feedback control system to 

achieve pixel-level temperature regulation for phase error minimization. The control 

system uses an integrated thin-fil m thermocouple/heater device to sense the 



 

 

temperature feedback signal and to source a current for providing the required phase 

shift. This device requires but a single contact post between each phase array pixel and 

its control circuit. In this way, the OC and the MB chips can be integrated by most 

available flip -chip bonding technologies. Two design implementations of the driver 

circuit sourcing 4.8 mW per pixel from a 2.5 V supply voltage are provided. One design 

can be realized in an area of 15 µm x 15 µm per pixel with pixel-level independent 

phase control using the TSMC 65 nm technology node. This exactly matches the size 

of the NPA pixel. The other design can meet the same area constraint using a more 

advanced technology node. 

This thesis also provides an experimental characterization of the driver circuit 

designed and fabricated on the TSMC foundryôs 65nm product line. Experimental 

results of characterizing each component of the driver circuit are provided. The broken-

loop feedback control method was electrically evaluated independent of the optical 

system by using a resistor to generate a simulated feedback signal. The circuit achieves 

a maximum 3.6% (0.07ˊ) and average 1% (0.02 ˊ) introduced by a Ñ20% variation of 

the load resistance. I provide a comparison of the performance of both VR image quality 

and LIDAR steering accuracy using either the direct control method or our broken loop 

feedback control method. This was done using the structure similarity index (SSIM) 

method. This method ranks image quality in a range from 0 to 1 (0 the poorest image 

and 1 the best image.) On average, the images studied improved their SSIM index from 

0.45 to 0.9 using the broken-loop method. In beam steering, our feedback control 

method achieves less than 0.05Á angle deviation and constant main beam intensity as 

compared to a 0.9Á angle deviation and more than 90% reduction in main beam intensity 

using direct control. This demonstrates that our feed-back controlled driver circuit is 

essential for NPA systems to achieve high performance.  
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Chapter 1: Overview 

1.1 Nanophotonic Phased Array 

A phased array is a collection of individual electromagnetic emitters, whose output 

sums in the far field to form a desired radiation pattern. This is accomplished by 

controlling either the phase or amplitude (or both) of individual beams. The output 

beams interfere with each other either constructively or destructively in such a way as 

to create the desired pattern. 

The basic idea of a phased array can be traced back to the work of the Nobel laureate 

Ferdinand Braun [1]. Braunôs system consisted of three equally spaced antennas and a 

quarter-wave delay was introduced to any one of the antennaôs output, steering the 

radiation beam with 120Á resolution. Numerous research studies [2,3] have been 

conducted in this field since then and electronic phased arrays using radio frequency 

(RF) waves are in widespread use in beam forming [4-8] and beam steering [9-13], 

radar systems for military [14-18] and weather research [19-21] as well as in mobile 

communication application [22-27]. 

Optical phased arrays (OPAs) using optical beams (mostly near infrared or visible 

light) find even wider applications than their electronic counterpart. The applications 

of these devices include light-detection-and-ranging (LIDAR) devices [28-34] optical 

communications [35-42], 3D holographic imaging [43-48] and many others. The 

advance of deep submicron semiconductor technology has led to remarkable 

developments in the utilizing ultra-fine nanoscale devices. The goal of this work is to 

achieve compact, large-scale, and high performance nanophotonic phased array (NPA) 

system. I have focused on thermal phase control. As such, this thesis focuses on a novel 

electronic current driver circuit for precision control of micro-heaters. I have designed 

and realized this circuit for scalable NPA systems in holographic virtual reality (VR) 

imaging and LIDAR applications.  
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1.2 Characteristics of a Nanophotonic Phased Array System 

The performance and physical characteristics of a NPA system can be characterizes 

by the following criteria [49]: 

Wavelength: the wavelength of the light beam used in the system. Most NPA 

systems are operated in the infrared region using 1550 nm wavelength. Shorter 

wavelength systems using visible red light with wavelength around 630 nm has been 

demonstrated [47-48,50-51]. 

Array size: the number of the radiating antennas in the system. The radiators can be 

arranged in one or two dimension(s) and the distance between them is not necessarily 

equal.  

Pitch size: the distance between two adjacent antennas of a uniformly-spaced NPA. 

Together with the array size, this determines the maximum field of view and the 

minimum beam width. 

Control mechanism: how an NPA varies the phase or the amplitude of its output 

beams. These mechanisms can be categorized as: mechanical, e.g. micro-

electromechanical system (MEMS) mirrors [52], and non-mechanical, e.g. electro-optic 

(EO) [53] or thermo-optic effect (TO) [43], methods. 

System integration: the methods of assembling a NPA and its electronic control 

circuit. The system can be ñunintegrated,ò utilizing external control [54]. It can be 

heterogeneously integrated where the NPA and an electronic control circuit are located 

on separate chips [55], or fully integrated in a single-chip by designing the fabrication 

process of the NPA to be compatible with silicon process technology [56,57].  

Phase error: the difference between the desired and actual phase of the output beams. 

It may result from process variations in both optical and electrical systems, non-ideal 

effects in electronic driver devices, and thermal crosstalk between the array elements. 

A feedback control mechanism can be incorporated to minimize the phase error.  
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Power efficiency: the power required to generate a 2ˊ phase shift for a full range of 

amplitude variation. This is a particularly important parameter for NPAs adopting the 

thermo-optic effect and it limits the array size as will be shown in the later section. 

To sum up, an ideal NPA system should have large array size and small pitch to 

minimize the beam width and maximize the field of view for high resolution. An 

electronic control circuit with feedback control should be tightly integrated with a NPA 

to reduce the system complexity and increase the output accuracy. The power 

requirement should also be kept low for achieving a large-scale system.   

 

1.3 Current NPA Technologies 

In this section, I briefly review some current available NPA technologies. 

1. Liquid crystal NPAs [58-63]: Liquid crystal (LC) NPAs are based on the 

birefringence property of liquid crystals. A typical LC device consists of a group of 

elliptical molecules sandwiched between two parallel alignment glass plates. 

Transparent electrodes are deposited on the external surfaces of the glass plates. Light 

is incident normally on one plate and emerges from the other.  

Without any applied voltage, the LC molecules align with the direction of the 

alignment plates. An electric field between the two plates rotates the molecules in the 

direction of the field, and the rotation angle depends on the field strength. Therefore, 

the effective refractive index along the normal of a LC device can be modulated by the 

applied voltage This, in turn, alters the optical path length through the liquid crystal 

medium. A NPA is realized by applying various voltages to different locations of a LC 

device so the phases of the output light beams passing through different parts of a LC 

device can be independently controlled. 

 The major advantage of this approach is that it benefits from the matured LC 

display technology, so high resolution is realizable. The device is generally low power. 
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The response time is limited by the relaxation time for the LC molecules returning to 

idle state and it is on the order of millisecond depending on the parameters such as the 

device thickness and LC viscosity. Therefore, it is more challenging to achieve agile 

beam scanning in LIDAR applications. Another drawback is that it is difficult to 

integrate a LC NPA with other integrated optical devices such as devices fabricated with 

silicon-on-insulator (SOI) technology without special process steps. 

2. EO NPAs: utilize the Pockels or Kerr effects which describe a linear and a 

quadratic relationship between the variation of the mediumôs refraction index and the 

electric field presented in the medium respectively [53,58,64]. Unlike the case of the 

LC phase shifter, the refraction index is modulated by changing the materialôs dielectric 

permittivity and polarization through the applied electric field. The response time of an 

EO phase modulator is faster than that of an LC device because no macroscopic 

molecular movement is involved in the modulation process. Devices with operation 

speed on the order of gigahertz are commercially available.  

The major drawback here is that the EO coefficients of most common EO materials 

are quite low. To achieve the required 2 ́phase shift, a high input voltage is needed or 

the length of a device along the light propagation direction must be several orders of 

magnitude greater than the wavelength of the light [65,66]. High input voltage 

requirement poses design challenges on electrical driver circuit using advanced 

submicron technology while long device size limits the field of view of a two-

dimension NPA. 

3. MEMS NPAs: consists of an array of thin film micro-mirrors mounted on micro 

cantilevers or springs [67-70]. Mirrors are moved, deformed or tilted by independent 

addressable electrical controlled actuators to increase the optical path. For example, 

mirrors controlled by piston actuators are moved vertically in parallel to the direction 
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of the incident light. A half a wavelength displacement is required to achieve a 2 ́phase 

shift.  

In general, large phase shift with fast response time are relatively easy to be 

achieved by a MEMS NPA comparing with the other NPA technologies. It can be 

combined with other NPA methods to realize wide angle and high resolution beam 

steering at the same time by having a first stage MEMS NPA for discrete large angle 

control and a second stage NPA for fine angle adjustment filling the discrete steps in 

the first stage. Obviously, the main downside is the device reliability issue associated 

with physically moving parts. 

4. Thermo-optic (TO) NPAs: These devices adjust the refractive index of a phase 

modulator by raising its local temperature above the ambient temperature [43]. Electric 

current flowing through a thin-film heater near a phase modulator or directly into a 

phase modulator provides the heat source to establish a desired temperature distribution. 

Like LC NPAs, the turn on time, determined by the temperature rise time, can be 

reduced by changing the input current profile. But the turn off time is fixed, depending 

on various system parameters. These include factors such as the thermal resistance 

between a phase modulator and a heat sink. However, the thermal response is usually 

faster than the rotation speed of LC molecules.  

We have selected the TO method for use in our NPA system design because the 

fabrication is simple, and the device is fast and reliable without any mechanically 

moving elements. The major limitation is the power density. LC or EO phase 

modulators are mostly capacitor-based devices which can maintain their voltage 

without refresh over a short period of time. On the other hand, TO phase shifters are 

memoryless in most cases. To maintain a desired phase shift, a closed loop system to 

stabilize the pixel temperature and continuous input current are required. The power 
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dissipation may become prohibitively large when the number of elements in a NPA is 

large and the size of individual element is small at the same time. When a driver 

electrical circuit is closely integrated with a TO NPA, the maximum temperature at the 

electrical circuit must be kept below a certain threshold to ensure long-term reliability. 

This thesis provides a thorough thermal simulation study whose goal is to determine 

the maximum achievable array sizes for several different heater and system structures. 

 Another issue of a TO NPA is the thermal crosstalk. Since pixels are not thermally 

insulated with each other, heating up a target pixel would unavoidably increase the 

temperature at the adjacent pixels. A feedback control mechanism is needed to address 

this issue to prevent thermal runaway.  

Table 1.1 shows a summary of the performance of 4 NPA technologies. 

 

Table 1.1 Comparison of performance of current NPA technologies 

NPA TYPE Speed Power Array Size System Integration  

Liquid Crystal SLOW Low High Low 

Electro-optic Fast Medium Medium High 

MEMS Medium Medium Medium High 

Thermo-optic Medium High Low High 
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1.4 NPA System Architecture and Control Circuit Design 

Figure 1.1 presents the design of our highly integrated NPA system with its control 

circuitry. An electrical circuit chip, we referred to as the motherboard, (MB) chip. This 

chip is flip-chip bonded with an optical chip (OC). The OC contains the waveguides 

and heater elements, optical ñantennasò and other components used for light-wave 

beam formation. 

 

Fig. 1.1 Integrated two-dimensional NPA system 

Each unit pixel in the OC consists of an integrated thin film heater/thermocouple 

(TF H/TC), a silicon nitride integrated waveguide/phase modulator and a radiating 

antenna. As mentioned in the previous section, the OC utilizes the thermo-optic effect 

to set the phases of each phase elementôs output individually. The transparent blocks 

around the waveguides represent air cladding which helps increase the effective optical 

refractive index contrast. The waveguide/phase shifter subsystems incorporate Bragg 

gratings which create ñslow lightò [71,72]. That is, the gratings effectively increase the 

optical density and polarizability of the waveguide. This increases the optical effective 
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refractive index so the maximum required temperature change for a 2ˊ phase shift and 

the pixelôs size are minimized. 

On-chip metal thin-film heaters are used to control waveguides/phase modulator 

temperature. This, in turn, changes the optical path length and creates a phase delay 

with respect to other non-heated pixels. The zig-zag structure of the heater provides 

appropriate resistance for generating needed heat under certain voltage and current 

constraint. The antenna is designed to radiate the output light downward, so the output 

light wonôt be blocked or absorbed by all other parts of our system on top of the optical 

chip. The constructive and destructive interference of each phase element output 

resulting from the thermo-optic effect will form the desired radiation pattern in the far 

field, thus creating a virtual reality (VR) scene or a steered pointing beam useful in light 

detection and ranging (LIDAR) applications. 

The MB chip consists of an array of driver units which provide electric current to 

the resistive TF H/TCs on the OC according to the input signal from a computer. A 

desired temperature distribution on the OC is achieved by Joule heating. Each driver 

contains a controllable MOSFET current source and each NPA unit cell or a group of 

NPA unit cells has its own dedicated current source depending on whether the NPA is 

used for a VR imaging system or a LIDAR application. 

The yellow balls in Fig. 1.1 represent the bump bonds for flip-chip bonding. The 

MB and the OC communicate with each other through these bump bonds. To reduce 

the total number of connections between the OC and the MB, only one of the heater 

terminals is directly connected to the MB chip. This use of multiplexing to minimize 

interlayer contact vias is a unique contribution of this thesis. All the other heater 

terminals are tied together inside the optical chip before making contact to the circuitôs 

ground (or rail voltage, VDD). The flip-chip bonds tightly connect phased array unit cells 
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with their dedicated current driver unit without any area overhead and long-distance 

signal routing. Therefore, multiple identical bonded optical/circuit chips can be placed 

side-by-side and it enables the proposed NPA system architecture to be scalable. 

The work reported in this thesis focuses on the thermal simulation of the NPA 

system and design, simulation, and implementation of the control driver unit in the MB. 

 

1.4.1 System Thermal Simulation 

To ascertain optimum system design performance, I conducted a set of finite 

element simulation to characterize the system thermal and electrical properties. First, a 

single NPA unit simulation was performed to determine the power required for 2́ phase 

shift and the thermal response time. The results are used to create a simplified heater 

behavioral model and to guide the MB control circuit design.  

Next, I studied the thermal crosstalk between adjacent cells using a 5-by-5 array. 

The results are used to perform proximity effect correction (PEC) [73-75]. Our control 

feedback mechanism can effectively reduce the phase error caused by thermal crosstalk 

and PEC can further minimize this error.  

The power efficiency and thermal response time of NPA unit pixels with different 

thermal insulation structures and sizes are also investigated. A simplified NPA model 

and a simplified power distribution map of a test scene are used together to explore the 

maximum possible NPA size under different unit pixel structure conditions while 

keeping the MB maximum temperature below threshold. The results are useful in 

providing insight for NPA unit pixel design.  

 

1.4.2 Thermocouple Design 

The thin-film heater consists of two sections in series using different metals. The 

junction of the two sections forms a thermocouple. This integrated TF H/TC design is 
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also a unique contribution developed in this thesis. A voltage appears across the two 

heater terminals reflecting the temperature gradient along the heater itself when the 

circuit is open without any current passing through. Thus, we can use this signal to 

access the local temperature at the OC without additional contact between each pixel 

unit on the OC and its corresponding driver unit on the MB. The result is a kind of loop 

feedback control system. We believe that this ñbroken loopò feedback control system 

integrated as described below, is also a significant contribution to the NPA field. It is 

described in greater detail below. We use this on-the-fly temperature reading to stabilize 

the temperature over a period corresponding to framerate (for the VR application) or 

the target acquisition time for Lidar. 

The first metal combination for thermocouple fabricating we attempted was 

chromium and nickel, because chromium has a high Seebeck coefficient. However, 

chromium is highly susceptible to oxidation. It is difficult to form a uniform and low 

resistance junction contact. We ended up choosing gold and nickel instead. Gold and 

nickel thin film thermocouples with thermal response ranging from 10 to 20 ɛV per 

degree Celsius have been reported [76]. We used finite element simulation to aid the 

design and verified our sample with an IR camera. 

 

1.4.3 Driver Unit Circuit Design 

The main design challenge of the driver unit circuit is that it must match the size of 

a NPA unit pixel (15 Õm x 15 Õm) and it must be repeated often enough to provide the 

desired image resolution. The driver circuit is fabricated using the Taiwan 

Semiconductor Manufacture Company (TSMC) 65 nm technology. The small ñlambdaò 

(i.e., minimum feature size) of this technology will allow us to create a compact array 

element. A layout using TSMC 28 nm technology is also provided for comparison 

purpose but due to the limited resources, we are not able to fabricate the design with 28 
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nm technology.  

I provide two design approaches: a mixed-signal design with digital counter and an 

analog design. The analog design is more compact while the mixed-signal design is 

easier to apply a correction curve to offset the non-linear relationship between the 

current source input voltage and the controlled NPA local temperature. Because of 

latch-up and electrostatic discharge (ESD) design rules related to the deep submicron 

process, only the analog design meets the area requirement for a NPA in VR imaging 

system that needs independent control for all array elements. The mixed-signal design, 

on the other hand, can be applied to a LIDAR NPA which requires less control freedom. 

A detailed explanation will be provided in later chapter.  

Some interface circuit devices between the computer-generated output and the 

control circuit array on the peripheral of the array are required for a fully operation NPA 

system. These include a digital-to-analog converter (DAC) to convert the digital 

computer outputs to control analog signals for our control circuit and an address 

decoder to direct the control signals to each individual array unit. These peripheral 

devices constitute ñfuture workò for follow-ons to this thesis. 

 

1.5 Contributions and Accomplishments 

This dissertation has achieved the following goals: 

1. I have created a system thermal simulation methodology for NPA system 

design space exploration essential for guiding integrated circuit design.  

2. I have provided a complete integrated circuit design flow including the 

simulation, implementation, verification, and chip measurement of a novel 

and compact NPA system control driver circuit is shown.  

3. I have demonstrated an integrated, small pitch size NPA system with 

feedback mechanism for accurate phase control in VR and LIDAR 
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applications. 

4. I have developed a finite element thermal simulation model simplification 

methodology. The complex and high aspect-ratio geometry structures, thin-

film and nanoscale devices, in the NPA system results in high density mesh 

elements in a finite element model. This exhausts computer memory 

resources causing either unrealistic long simulation time or out-of-memory 

error. Thus, an abstract system level geometry model which renders a 

reliable approximated simulation result within a reasonable time frame is 

needed.  

5. I have developed an integrated TF H/TC device for heating NPA TO phase 

modulators and sensing NPA local temperature for feedback control. This 

novel device saves space in NPA unit pixel without introducing an extra 

device and enables a single connection between each pixel and its control 

circuit. Single contact ensures the flip-chip bonding is not limited by the 

NPA fine pitch pixel and avoids long routing wire to improve heating power 

efficiency.  

6. I have designed and demonstrate a compact driver unit circuit using deep 

submicron semiconductor technology for a TO NPA with broken-loop 

feedback control to minimize phase error results from fabrication device 

mismatches and thermal crosstalk between neighboring elements. Two 

control approaches, analog and mixed signal, which are optimized for VR 

and LIDAR applications respectively, have been shown. The driver unit on 

average meets the main design constraint 15 Õm -by- 15 Õm per pixel. 

In summary, this work demonstrates a systematic design flow for a cross domains, 

thermal and electrical, integrated system and a first scalable NPA system architecture 
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with an integrated fully independent phase control feedback circuit. 

 

1.6 Organization of the Dissertation 

This dissertation has been presented in six chapters and is organized as follows. 

Chapter 1 (this chapter) provides a brief overview of nanophotonic arrays, their 

fabrication and applications. Contributions and accomplishments of this work are 

presented at the end of this chapter. 

Chapter 2 gives the background of beam steering and holography applications 

followed by literature reviews of current NPA technology. Design challenges for 

optical-electrical system integration and electrical driver circuit for NPAs, and methods 

of on-chip temperature measurement in semiconductor technology are discussed. 

Chapter 3 presents the thermo-electrical simulation for our NPA system for aiding 

the driver circuit and thermocouple design. The simulation of local temperature 

distribution at a single pixel using detailed model geometry is provided first followed 

by a small array of pixels for the thermal crosstalk (proximity effect) study. Various 

thermal insulation structures were studied to determine the trade-off between the 

fabrication complexity and power efficiency. A simplified NPA system model is 

provided for investigating the maximum achievable array size in light of the possibility 

of thermal damage.  

Chapter 4 describes the control driver circuit design, SPICE simulation results and 

the layout implementation in 65 nm technology for both analog and mixed-signal 

approaches. Design considerations of each component are discussed in detail.  A trial 

design in 28 nm technology is also provided for comparison purposed. 

Chapter 5 shows the experiment results of our thermocouple and NPA driver IC. 

The performance of each component in the control driver is characterized and the 

broken-loop control operation is verified by using a resistor divider to simulate the 
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actual temperature feedback signal from the OC. The control error is measured. The 

last part of this chapter discusses the performance degradation of image forming and 

beam steering applications caused by phase errors from various sources. The results 

demonstrate that our control circuit improves the image quality and steering accuracy 

effectively by minimizing the phase errors.    

Chapter 6 summarizes this research and points out the direction of future work for 

completing the entire system. 
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Chapter 2: Background 

 

 This chapter provides background information on the concepts forming the basis 

of this work, including the following points: 

¶ Background on the theory of beam steering and 3D VR image forming using an 

NPA. 

¶ Brief explanation of the functioning of the thermo-optic phase modulator. 

¶ Detailed literature review of NPA technology. 

¶ Challenges of integration between the optical and electrical devices. 

¶ Discussion of the topology, design considerations and feedback control 

mechanism by sensing the local temperature at the NPA pixel of the electrical 

control driver circuit. 

¶ Review of possible temperature sensor devices for the integrated NPA system. 

 

2.1 Optical Phase Array 

 An OPA steers its output beam by focusing the output optical power on a specific 

direction. Constructive interferences are formed at the far field along the target direction 

while destructive interferences occur at the rest of the area. Assuming an equally spaced 

one-dimensional N-pixel array with a uniform phase difference between each adjacent 

pixel pair in the beam forming application, the output beam can be steered in one 

dimension and the steering angle between the output beam and the normal to the array 

surface can be represented as: 

ʃ ίὭὲ
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(2.1) 

where Ὠ is the spacing between neighboring antennas, ‗ is the wavelength, and • is the 

adjacent phase difference [28]. According to equation (2.1), the phase difference 

between the first pixel and the last pixel is (N-1) •. Obviously, the phase difference 
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may exceed 2́ but since the phase repeats itself every 2́, the phase of all pixels which 

exceeds 2́ can be replaced with its modulo 2́  value. Therefore, the maximum phase 

shift of a modulatorôs output needed is 2́ . 

The spacing, d, determines the location of grating lobes. The angle between the 

main lobe and the first positive/negative grating lobes limits the steering range or field 

of view (FOV) as: 
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An ideal full range Ñ90Á FOV requires the spacing equal to half wavelength. Since the 

wavelength commonly used in a NPA is around 1550 Õm in infrared spectrum and 

submicron in visible spectrum, wide FOV can only be achieved with the spacing on the 

order of 1 Õm.  

 The output beam width (BW), defined as the full width at half power of the main 

lobe (or FWHM), is proportional to:                                                              
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(2.3) 

This parameter defines the spatial resolution. As explained earlier, the spacing should 

be kept small for large FOV. Therefore, for a given wavelength, the only parameter left 

for optimizing the BW is the phased array size N.  

 The above equations clearly show that a pratical OPA must meet that (i) the array 

size has to be large enough to deliver high resolution radiation pattern at the far field 

and while (ii) the spacing between each antennas should be close enough to suppress 

the magnitude of grating lobes for adequate field of view. As shown in Fig. 2.1, based 

on the relative location of phase shifters and antennas, OPAs can be categorized into 

two groups: (i) Antennas are tightly placed together. Phase shifters are on the periphery, 

outside the array of antennas and are routed by waveguide to their corresponding 

antennas. (ii) Each antenna and its phase modulator are put together to form a unit pixel.  
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The former case has been realized in one-dimension using OPAs with long parallel 

grating antennas placed closely together [54]. Small size 2D OPAs have also been 

realized, as the routing scales quadratically with the array size in 2D arrays. Larger 2D 

arrays require a larger pixel pitch to accommodate the interconnection congestion 

between the antennas and the phase shifters as the array size goes up which ultimately 

prevents the realization of a compact antennas array. It can be shown that the minimum 

pixel pitch is related to the array size, the width of waveguide and the minimum spacing 

between two parallel waveguides without interference. A non-uniform, sparse 2D array 

with 128 antennas selectively placed on a 27-by-27 grid which has same FOV and BW 

as a 22-by-22 array (but fewer interconnects) has been reported [57]. However, a sparse 

array may lead to larger phase error for generating random radiation patterns because 

of less phase control freedom. The result is like truncating the individual terms in a 

Fourier expansion.  

 

 
 

(a) (b) 

Fig. 2.1 Different NPA architectures (a) Phase shifters outside the pixels (b) Phase shifters inside the 

pixels 

 

2D beam steering in these 1D NPAs are realized by using a combination of phase 
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and wavelength tuning. The additional steering dimension is done by changing the 

wavelength which varies the angle of light coupling out the antenna grating. In contrast, 

a 2D NPA can perform single wavelength 2D beam steering using pure phase tuning or 

forming arbitrary radiation patterns. Nevertheless, most current 2D NPA technologies 

still struggle in the tradeoff between FOV and pixel size due to the size of waveguides, 

phase shifters, antennas and the power limitation. 

 

2.2 Thermo-optic Phase Modulators 

 Several phase control mechanisms were briefly introduced in the chapter 1. TO 

phase modulators offer simple operation and adequate response speed without any 

moving parts. The detailed discussion of TO phase modulators which is used in our 

NPA system is presented here. The phase delay of a light beam passing through a 

waveguide with length , can be expressed as: 

ʒ
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(2.4) 

where ὲ  is the effective refractive index of the waveguide. Assumed two identical 

waveguides, one is uniformly heated above the ambient temperature by ɝ4  and the 

other is maintained at the ambient temperature. The phase difference between the two 

output beams can be approximated as: 
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This assumes that thermal expansion is negligible comparing to the thermo-optic effect 

and the thermo-optic coefficient is constant within the range of temperature variation. 

For instance, the thermo-optic coefficient (Ὠὲ/ὨὝ, the temperature coefficient of the 

refractive index) of silicon is 1.8x10-4 K-1 at 300 K and a wavelength of 1550 nm [77]. 

The phase shifter waveguide with length of 10ɛm requires a significant, impractical 

temperature change (about 860 K) for a 2ˊ phase shift. This calculation result is 
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consistent with the simulation result in [78]. 

 From equation (2.5), given a wavelength, the required temperature change for a 

full range 2́  phase shift is inversely proportional to the product of the length and the 

thermo-optic coefficient of phase shifters. Thus, the simplest way to reduce the required 

temperature change, hence the maximum input power, is to increase the length of phase 

shifters. In communication network applications, it is common to have the length of a 

phase shifter in optical switch a few hundred micrometers long in order to achieve low 

power operation. In contrast, for 2D OPAs with phase shifters inside the pixels, the 

length of a phase shifter is limited by the pixel pitch.  

 In holographic VR/AR display system, the spectrum of the input light beam is in 

the visible light range. The 1.12 eV indirect bandgap of silicon results in high 

absorption for visible spectrum; thus, it forbids us to use silicon as the material of the 

phase shifter waveguide core. The bandgap energy of silicon nitride (Si3N4) is around 

5 eV (varying with manufacturing process flow) [79]; hence, it is transparent in the 

visible spectrum and suitable for VR/AR applications. 

 The thermo-optic coefficient of Si3N4 is reported to be between 3x10-5 K-1 and 

6x10-5 K-1 at 620 nm (red light) [80]. This is 3 times less than for silicon at 1550 nm. 

To minimize the length of the phase shifter and the temperature change at the same time 

for large FOV and low power dissipation, we incorporate the ñslow lightò effect into 

the phase shifters. The phenomenon of slow light offers a way to fulfill the design 

requirement by increasing the effective refractive index at the expense of transmission 

loss [81,82]. The slow light in our NPA system is realized by incorporating Bragg 

gratings, an optical resonant structure in which light experiences slow group velocity, 

into the waveguide/phase shifter [71,72]. Our group achieved a slowdown factor of 6 

and 10 with more than 80% transmission rate in Si3N4 and silicon respectively. 
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Therefore, the temperature changes are about 350 K and 90 K for a 2́  phase shift in 

VR/AR NPAs with 620 nm wavelength and LIDAR NPAs with 1500 nm wavelength 

respectively.  

 

2.3 Phased Array 3D Display 

Over the past few years, research into virtual and augmented reality (VR and AR) 

has gained unprecedented attention. Numerous consumer wearable VR and AR displays 

for entertainment purpose, such as the Oculus Quest 2 [83], Samsung Gear VR [84], 

PlayStation VR [85] and Microsoft Hololens [86], are available on the market. This 

rapid growth has resulted from (a) advances in commercial light weight sensor 

technology and (b) high performance computing multicore processors enabled by 

advanced semiconductor technology. Besides entertainment, VR and AR technologies 

have great potential for applications in many different fields, such as military, 

healthcare and education, which will profoundly change the way we use information 

and interact with the world around us. 

Stereopsis and holography are two widely used methods in current 3D display 

technology. Stereoscopic in 3D systems require some apparatus (e.g., a headset) which 

generate a pair of images of a scene from different angles for each eye to view a scene. 

These two similar images are merged in our brain to create an illusion of depth. This 

process may introduce psychophysical problems and distortion of the portrayed scene 

associated with their viewing [87]. Popular press reported people complaining about 

headaches, nausea, blurred vision, and other symptoms of visually-induced motion 

sickness after watching 3D films [88]. Studies have shown that the vergence-

accommodation conflict is the main reason for psychophysical problems including 

fatigue [87], discomfort [89], induced binocular stress [90,91], difficulty in fusing two 

images into a stereo pair [91], and misperception of scene geometry [92,93].  
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Figure 2.2 illustrates the difference between viewing a real scene, (A and C), and 

a conventional 3D display (B and D). When viewing a real object, lenses in human eyes 

change their curvature according to focus cues. This is called accommodation and it 

allows the user to form a clear blur-free image near the object. As it is shown in Fig. 

2.2 (C), the circle at the center is clear while the rest of the grid is blurred. In the 

meantime, the viewerôs eyes move inward or outward to create a vergence distance by 

the depth cues. The focus and vergence distance are about the same in the case of 

viewing real object (Fig. 2.2 (A)).  

Research also indicates that these two different processes are not independent, i.e. 

the focus cues will affect the vergence distance and vice versa. The response time of 

switching from focusing on one object to another is faster using both mechanisms than 

using only one of them. On the other hand, the focus cues of the object in a 3D 

stereoscopic scene force the viewerôs focal distance be the distance between the eyes 

and the screen, while the depth cues tell viewerôs eyes to converge either in front of or 

behind the screen depending on the objectôs position in the portrayed scene. Viewers 

must uncouple the natural neural response of vergence and accommodation. In Fig. 2.2 

(D), both the center circle and the entire grid are clear instead of focusing at the center 

only and it causes the perceived scene differs from the real scene which it simulates. 

The perceived scene is flattened or exaggerated compared to the real scene. This 

vergence-accommodation conflict, which is inherent for all VR and AR displays 

available today, makes it difficult for viewers to fuse the perceived image binocularly, 

and is the main reason for visual fatigue and other psychophysical problems mentioned 

above. Therefore, a natural-to-senses VR and AR 3D displays is needed to solve 

psychophysical problems and degraded visual performance caused by vergence-

accommodation conflict. 
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Fig. 2.2 Vergence and accommodation in real scene and conventional 3D display [87]. 

In natural viewing, because of the varying aperture and variable focus (adjustable 

pupil size and curvature of lens) of human eyes, a bundle of light rays impinges upon 

the retinas to create a clear image of the scene through the pupils and the lens. Therefore, 

to achieve a natural-to-senses display, one has to reproduce the entire light pattern 

stimulating the retina.  

Holographic 3D displays simulate this process by recording and reconstructing 

both the amplitude and phase information of an object. Conventional holography 

recording and reconstruction processes are shown in Fig. 2.3. When recording an object, 

a coherence light source is split into two beams. One beam impinges to the object and 

the light reflected by the object is referred as object light. The other beam is called 

reference light. A photographic film is used to record the interference pattern of the 

reference and object light; thus, both the amplitude and the phase information are stored.  

Assuming the transmittance of the recording film, ὸὼȟώ as a function of location 

x and y, after the exposure is linear related to the intensity of the interference of the 

object beam and the reference beam can be expressed as: 
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ὸὼȟώ ‍ȿὕὼȟώȿ ȿὙὼȟώȿ ὕὼȟώὙὼȟώᶻ ὕὼȟώᶻὙὼȟώ  (2.6) 

where ‍  is the gain of the recording film, ὕὼȟώ  and Ὑὼȟώ  are the complex 

wavefronts of the object beam and reference beam, respectively [94].  

During the reconstruction process, the same reference beam passes through and is 

modulated by the recorded film. The mathematical expression of the modulated 

wavefront can be expressed as  

ὸὼȟώὙὼȟώ ‍ὕὙᶻὙ  ‍ȿὕȿ ȿὙȿ ὕᶻὙὙ 

‍ȿὙȿὕ  ‍ȿὕȿ ȿὙȿ ὕᶻὙὙ 
(2.7) 

The first term in equation (2.7) is the original object beam multiplied by a constant 

‍ȿὙȿ. If the light field represented by the second term in equation (2.7) is separated 

from the first term of interest, the radiation pattern of the object beam is recreated even 

though the original object is removed. 

 

  

(a) (b) 

Fig. 2.3 Holography recording and reconstruction (a) recording and (b) reconstruction the image 

 

A 2D OPA that is capable of generating any desired radiation pattern can replace 

the holographic recording film described above. Instead of recording an actual 

interference pattern, the phases of output beams from each OPA pixel which together 

render an approximate light field of the object beam can be calculated numerically using 

the GerchbergïSaxton algorithm (GSA) [95]. In addition to portraying a still object, a 

3D animated scene can also be created with an OPA by dynamically changing its output 
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phases. Therefore, OPAs are suitable for creating natural-to-senses VR and AR displays. 

Since the light pattern of the portrayed scene is faithfully reconstructed by an OPA, the 

focus cue is consistent with the depth cue as in the real scene. Therefore, the vergence-

accommodation conflict problem is resolved by the phased array approach.      

Clearly, the complex nature of the optical problems alluded to above makes the 

design of such a system non-trivial. Problems encountered include high power 

consumption (needed for adequate resolution in practical applications) and complicated 

circuit design for precise phase control. 
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2.4 Feedback Controlled Driver Circuit 

 In a TO OPA, thin film heaters are placed near the TO element [54]. The resistance 

of a silicon TO phase shifers is lowered by increasing the doping concentration of the 

silicon forming the integrated heater/TO phase shifer device [43]. A driver circuit 

containing an array of  sources provides current to each of these heaters, maintaining a 

target temperature in each phase shifting element. Each heater and its current driver 

must be addressed independently to create an arbitrary interference pattern. 

One possible straightforward implementation of the driver current source is to use 

a number, N, of parallel binary weighted current mirrors. Each current mirror is either 

on or off depending on the received N-bit binary input. Due to the high power density 

of TO OPAs, power loss at the driver current source and heat that transfers from an OPA 

to a driver circuit when they are tightly integrated can siginificanly increase the 

temperature at the driver circuit. Driver circuits need to include some kind of 

temperature compensation approach or a phase zero calibration for every cell in driver 

circuits should be performed to account for the devicesô characteristics variations within 

the entire operation range.  

A lookup table can be used to store the mapping between the N-bit input and the 

phase shift of the output beam. However, other temperature dependent parameters such 

as the heater's resistance, device mismatches from the fabrication imperfection and the 

thermal crosstalk between neighbor units complicate the calibration process. 

Furthermore, the electrical properties of the driver circuit may be continuously 

changing during the run time after calibration because of electromigration which results 

from high current density. All these effects together cause the actual temperature 

distribution in the OPA to deviate from the ideal one; hence, phase errors are introduced. 

Phase errors cause the output beam deflection in LIDAR applications or degenerate the 

image quality in display systems and the design quality sets the phase error tolerance. 
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As phase is determined by the temperature of the waveguide/phase shifter, this means 

that temperature must be controlled to this tolerance as well. A reliable control strategy 

for the driver circuit to meet the error tolerance constraint is needed. 

 Most current OPA designs appearing in the open literature focus only on the optical 

devices without driver circuits. External power sources are used to deliver the heating 

current. To the best of the author's knowledge, only three OPA systems with control 

circuits have been reported [55-57]. Chung et al. reported a monolighically integrated 

OPA system [56]. The optical devices and control electronics are fabricated on same 

chip using SOI CMOS process. The driver current source is similar to what we mention 

above. The reference current for the current mirror is temperautre independent and the 

output current source consists of four cascoded NMOS to equally distributed the heater-

to-ground voltage drop. Hence, a higher voltage can be connected to the heater to 

minimize the output current and the power dissipation at the current sources. To avoid 

interconnection congestion between the OPA and its driver circuit, group instead of 

independent phase control is implemented. 

Fatemi et al. presented a sparse 2D OPA with its control circuit mounted on a 

common printed circuit board (PCB) [57]. A high voltage pulse-width modulation 

(PWM) switch with soft turn on forms the output current source. Since the phase 

shifters are located outside the antenna array, they can be place far apart from each other 

to eliminate the thermal crosstalk. The driver circuits use a row and column address 

structure to access phase shifters in a time multiplexing fashion. As a result, only one 

column of phase shifters is heated up at the same time. Clearly, the sparse array prevents 

forming arbitrary radiation patterns without sacrificing the image quality. Also, the time 

multiplexing control scheme may cause large ripple errors. 

An OPA system which is 3D integrated with its control circuit at wafer level using 
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a through-oxide via (TOV) has been reported [55]. Although the pitch size of the TOV 

can be as small as 7 Õm, 10 TOVs in parallel form a single contact between the OPA 

and driver circuit to lower series resistance of TOV itself. The gates of a current source 

MOSFET is driven by pulse density modulation signals.  

The above control circuits lack a method to dynamically adjust their outputs to 

balance the change of device properties during run-time. Some feedback control 

methods should be incorporated into the driver circuit to self-adjust the control signals 

of current source achieving the desired phase of the output beam as illustrated in Fig. 

2.4. In this way, mismatches, thermal crosstalk, electromigration and other possible 

factors that degrade the system accuracy are all considered. Since the thing we want to 

control is the phase of output, ideally, we should measure and use the phase of the 

output as the feedback signal to control the amount of current. 

 

Fig. 2.4 Simplified diagram of phased array unit cell and driver circuit with feedback control. 

Nevertheless, the phase of the output beams cannot be measure directly with current 

technology and their interference intensity profile is difficult to analyze at run-time. 

OPAs with feedback phase control using an external IR camera have been reported 
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[29,46,96].  

In [29], the output beam power is measured by an IR camera as a feedback signal, 

so the heater currents are individually tuned to maximize the beam power. In [46], a 

computer compares the OPAôs output image captured by an IR camera with the ideal 

image and tunes the output current to each p-i-n diode accordingly. In [96], the phase 

of each pixelôs output beam is measured by an interferometer. The interferometerôs 

output is again captured by an IR camera. The achieved control error is about ˊ/100 

when the target phase shift is .́  

Obviously, the major disadvantage of these feedback control approaches is the 

speed of the feedback loop is limited by the IR camera frame rate. This system setup is 

slow and bulky and is only suitable to display still images. Thus, other measurement 

must be taken as an indirect indication of output phase to realize a fast and compact 

feedback system. 

Recently, an on-chip calibration LIDAR NPA using transceivers has been reported 

[97]. The phased array can receive reflected light from a reference object. The received 

light signal is transformed to a voltage signal on-chip via a balanced photodetector 

followed by a transimpedance amplifier. The control circuit searches a set of output 

signals to the phased array to maximize the voltage signal. For a large array, the number 

of possible control states is large. This technique may need a long time to find an 

optimum solution. In addition, this method is not suitable for VR applications because 

the radiation pattern for an image does not have a peak beam for reflection.   

As explained earlier, phase is modulated by changing the temperature of the 

waveguide/phase shifter, temperature can be used as an indirect indication of output 

phase under an assumption that the variations of the length and refractive index of 

waveguides/phase shifters are negligible so that the same temperature at different cells 
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result in almost the same output phases. This implies a sensor device that produces an 

electrical signal reflecting the temperature surround it is required to form a feedback 

control loop.  

Intuitively, the sensor device can be located either on the MB or on the OC. For 

the sensor on the MB, a standard and sophisticated sensor circuit design can be adopted, 

and it is tightly integrated with other elements in the control circuit. The back-end-of-

line (BEOL) metal vias in the MB and the flip chip bond act as a heat pipe that draws 

thermal energy from the heater strip in the OC. The energy drawn is proportional to the 

temperature of the adjacent heater. The downside is that it makes an ñindirectò 

temperature measurement. A sensor device must be thermally isolated from the 

neighboring driver unit; otherwise, due to the high thermal conductivity of the MB 

silicon substrate, it will register the heat dissipated from the adjacent current sources 

more than it registers the target pixel heat. 

On the contrary, because of the limitation of the OC fabrication processes, the 

sensor device in the OC must be simple. Also, since the OPA pitch size is on the same 

order as the state-of-the-art copper pillar flip chip bonding [98,99], only one electrical 

connection between the OC and the MB per pixel and it is occupied by the heater; hence, 

the sensor device should be integrated with the thin film heater to minimize the number 

of bonding connections. Even though it is possible to have multiple contacts per pixel 

with more advanced integration technology such as the wafer-level TOV bonding with 

minimum 7 ɛm pitch size, it is still preferable to maintain single connection by 

connecting multiple contacts in parallel to reduce the IR power loss.  

The major challenge of designing an integrated heater/sensor device is that we 

cannot sense the temperature at the same time we drive the heater. This means that we 

will have to switch the operational mode of the controller using added circuitry on the 
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MB chip. The multiplexing operation will slightly increase the complexity of the 

control circuit. Also, we will introduce phase ripple at the switching frequency. But this 

approach provides a ñdirectò and full range temperature measurement of the 

waveguide/phase shifter. 

 

2.4.1 Sensors on the MB 

Two types of temperature sensor circuit have been applied to integrated circuit 

systems requiring temperature regulation: a diode based Proportional To Absolute 

Temperature (PTAT) circuit [100-102] and a ring oscillator based PTAT circuit [103, 

104]. A standard diode based PTAT circuit is shown in Fig. 2.5. It utilizes the 

temperature dependence of the base-emitter voltage of a bipolar transistor. Two currents 

with ratio n are injected into two identical matched transistor Q1 and Q2. Two 

transistors are assumed to be at the same temperature. The voltage difference between 

VEB2 and VEB1 which eliminates common temperature dependence terms is in first-order 

approximation proportional to the absolute temperature. This circuit consists of only 

four transistors without the bias current generation circuit. This can be shared with other 

elements in the control loop such as an operation amplifier (op-amp). Since the sensor 

circuit must be repeated in every MB driver element, this simple circuit offering a 

minimal real estate overhead is a potential candidate for the sensor device realization. 

 The ring oscillator based PTAT circuit is made from a current starved ring 

oscillator whose current is supplied from a PTAT current source. The PTAT current 

source is usually created using the same principle as the diode based one. The frequency 

of the ring oscillator is proportional to the absolute temperature because of the PTAT 

current source. Hence, the number of the peaks at the output within a fixed interval is 

the temperature reading. The precision of the measurement can be increased by 

extending the counting interval. However, the measurement is not instant. Also, the 
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additional required peripheral circuit such as a counter makes this approach less 

favorable to a system with demanding space constraint. 

 Our systemôs thermal simulation results, which will be presented in the next 

chapter indicate the sensor on the MB is not suitable for our OPA system architecture 

because of the strong thermal coupling between the adjacent driver units explained 

above. Nevertheless, these methods may be useful for other TO devices with relaxed 

space constraint.   

 

 

Fig. 2.5 Basic diode based PTAT circuit [102]. 

 

2.4.2 Sensors on the OC 

Two possible approaches can be applied to measure the temperature using thin-film 

heater: (i) utilize the temperature dependence of the heaterôs resistivity; or, (ii) utilize 

the thermoelectric effect.  

For case (i), the thin film heater acts as a resistance temperature detector (RTD). 

Two possible measurements scheme are as follows. First, by passing a known sensing 

current to the heater, we can get the heaterôs temperature by measuring the voltage 

across it. That means the heater is switched between two modes, heating mode (with a 

varying current depending on the target temperature at the phase shifter) and sensing 
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mode, with a fixed constant current. Without loss of generality (ignoring the higher 

order terms), the relationship between the temperature coefficient and the output 

voltage variation resulting from the rise of temperature is: 

Ўὠ ‌ὍὙЎὝ (2.8) 

where: Ὅ is the sensing current, Ὑ is the heaterôs nominal resistance, ‌ is the heaterôs 

first order temperature coefficient of resistivity and Ὕ is the temperature.  

Given a heater material, the temperature coefficient of resistivity is fixed. Also, 

the heater resistance is kept small to deliver adequate power within some given voltage 

headroom. Therefore, the only design freedom left is in the sensing current. The sensing 

current should be large to get a measurable voltage variation. However, a large sensing 

current produces unwanted joule heating which affects the accuracy of the measurement. 

It is difficult to optimize the heater resistance for heating ability and sensing current for 

measurement accuracy at the same time. Moreover, the mismatch of the sensing current 

between each driving elements will introduce additional error. The limitations 

mentioned above make this method unattractive. 

The second approach uses the temperature dependence of the resistivity to 

continuously measure the heater current and the voltage across it. The thin film heater 

can function as a heating element all the time without switching between modes. The 

measured voltage and current are mapped to the heaterôs resistance with an analog 

divider circuit. The dividerôs output is proportional to the temperature at the heater. 

However, an analog divider circuit is rather complex which is not able to fit within the 

allowed pixel space together with other driver unit components. 

 In case (ii), the heater is divided into two segments using different metals for each 

segment. Thus, the heater also serves as a thermocouple with the junction at the center 

where the maximum temperature occurs. The Seebeck effect generates a thermal 

electromotive force (emf) according to: 
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ὠ ὛὼȟὝὨὝ 
(2.9) 

where S is the Seebeck coefficient. If we assume that the two metals are uniform (that 

is, the Seebeck coefficient in the same segment does not vary along its length) and the 

temperature at the connection ends is able to reach an equilibrium close to the ambient 

temperature, equation (2.9) can be simplified as:  

ὠ Ὓ Ὓ ЎὝ (2.10) 

where Ὓ and Ὓ are the Seebeck coefficients of the two segments within the working 

temperature range of the positive and negative terminal respectively; ЎὝ is the amount 

of temperature rise at the heater center junction. To sense the temperature signal, the 

current driver is shut off and the same node is connected to a high input impedance 

device such as an opamp. The opampôs output voltage will depend on the temperature 

at the heater center. 

Because the heaters also serve as temperature sensors, no additional contact is 

required between the OC and the MB. Moreover, the temperature sensor is in intimate 

contact with the heater element, and we believe that this will provide a more accurate 

sensing method, as compared with the ñindirectò method. 

Table 2.1 provides a list of the Seebeck coefficients at 20ÁC for common metals in 

bulk used in thermocouples [105]. 

   

Table 2.1 Values of Seebeck coefficient, S(ÕV K-1), of common thermocouple material at 20ÁC 

 Chromel Fe Au Cu Ag W Pt Al Ni Constantan 

S(ÕV K-1) 22.2 13.3 2.0 1.9 1.7 1.3 -4.7 -18.2 -19.5 -38.3 

 

  



- 34 - 

 

Chapter 3: NPA System Thermal Simulation 

 

This chapter provides a comprehensive thermal study of our purposed integrated 

NPA system. It includes the followings. 

¶ The steps and result of a thorough thermo-electrical simulation of a phased 

array unit with different thermal insulation structures are presented. The 

design choice of a trade-off between the heating power consumption and 

device complexity and the required maximum output current of the driver 

circuit are determined by this result. 

¶ I used a small array to investigate the thermal crosstalk (thermal proximity 

effect). A system level thermal crosstalk matrix is extrapolated from this 

result and is used to conduct a further phase error analysis. 

¶ A simplified system level thermal model was constructed and was used to 

explore the maximum realizable array size under different cooling 

conditions. 

¶ The design and simulation of our thermocouple sample is explained. The 

thermocouple was used to determine the Seebeck coefficient of our choice 

of thin-film metal combination and was used to verify the temperature 

sensing approach. 

¶ The actual thermocouple was fabricated and evaluated using infrared 

cameras 

 

3.1 Thermal Model Description 

From the background chapter, we know that the desired far field optical 

interference pattern is manipulated by changing the waveguide temperature and, 

subsequently, the refractive index of each individual phase shifters in the phased array 
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unit cell. The driver circuit injects electrical current into the resistive heaters raising the 

phase shiftersô temperature to the target value. In this section, we present a thermal 

model for our NPA system and study the thermal and electrical coupling effect in the 

system. The simulation results provide insights for the driver circuit design: the 

maximum load current required for 2́ phase shift, thermal crosstalk between 

neighboring unit cells and the control mechanism to minimize phase error and the cost 

of calibration. 

Since we are interested in the interaction between the two different physical 

domains (electrical and thermal) of our system, COMSOL Multiphysics is used to 

perform finite element method (FEM) analysis for our system [106]. COMSOL 

Multiphysics provides several add-on modules for different physics domains and a 

built-in material library. It offers two types of solver: fully coupled and segregated. For 

the fully coupled solver, a large matrix with all the physics described in the model and 

their interactions is created and solved directly. On the other hand, the segregated solver 

decouples the different physics domains and solves them separately in sequence. The 

results in one physics domain in the previous step are used to modify the boundary 

conditions of the other physics domain in the next step. The computation stops when a 

converged solution with the error smaller than a preset tolerance is found for all physics 

domains. The fully coupled solver has fewer issues about reaching a converged solution 

but needs much more computer memory for the large single matrix and the segregated 

solver is the opposite.  

Given the size and high aspect ratio of the NPA system geometry, the model must 

be simplified and solved by the segregated solver. In our model, we use the heat transfer 

module and the AC/DC electrical module. With these two modules, stationary and time 

dependent studies of joule heating in our system are performed. 



- 36 - 

 

In the steady state, the governing equations in the electrical and heat transfer 

domain are: 

​Ͻὐ ὗ (3.1) 

        ὐ  „Ὁ (3.2) 

         Ὁ ​ὠ (3.3) 

And 

”ὅuĀɳὝ  ɳĀή ὗ ὗ  (3.4) 

                                                                       ή  ὯɳὝ (3.5) 

respectively, where ὐ is the current density, ὗ is the current source, „ is the electrical 

conductivity, Ὁ is the electric field, ὠ is the electric potential, ” is the density, ὅ is the 

heat capacity at the constant pressure, u is the velocity field, Ὕ is the temperature, ή is 

the heat flux, ὗ is the heat source per unit time, ὗ  is the thermoelastic damping and 

Ὧ is the thermal conductivity. 

 Equation (3.1) to (3.3) represent the continuity equation of electrical charges, 

Ohmôs law and potential gradient respectively. Together, these equations result in 

electrical current conservation. In our case, the velocity field and the thermoplastic 

damping are zero, so equation (3.4) and (3.5) can be reduced and combined to yield: 

Āɳ( ὯɳὝ ὗ (3.6) 

Equation (3.6) describes two things: (i) the heat flux is defined by the product of 

the materialôs thermal conductivity and the temperature gradient, and (ii), energy 

conservation. These two physical processes are coupled by the equation: 

ὐϽὉ ὗ (3.7) 

The heat dissipated from an electrical source is equal to the product of the amount of 

the electrical current and its voltage drop. 

 

3.2 Model Geometry 

 The NPA system thermal simulations are divided into two parts: (i) detailed single 
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pixel and small array for thermal crosstalk and (ii) large array thermal interaction 

between the OC and the MB. Due to the limited computational resource and the size of 

FEM model geometry of our NPA system, the geometries for each part are simplified 

to different degrees. The simplification process takes several steps to ensure that the 

results are valid approximations. 

 For the first part, the 3D geometry model of a 3x3 NPA system in VR and AR 

applications is shown in Fig. 3.1. As stated earlier, to speed up the simulation and reduce 

the amount of computation resource required (e.g. memory), the model is simplified by 

only having 3x3 or 5x5 array unit cells instead of actually modelling a large phased 

array. The error introduced by this simplification is negligible for the following reasons: 

(i) The phased array and driver circuit only occupy a thin layer on the surface of the OC 

and the MB respectively. (ii) We are only interested in the heating response of a single 

unit cell and thermal cross talk between neighboring cells. A 5x5 array is sufficient for 

us to investigate these effects.  

As shown in Fig. 3.1(a), the upper half and the bottom half of the drawing 

represent the MB and the OC respectively with several thin layers containing heaters, 

phase shifters, FC bonds, FC underfill and other materials in between. The thickness of 

the MB substrate and the OC substrate are both 1 mm. Silicon is used for the substrate 

and the front-end-of-line (FEOL) material of the MB in the model while a 10 Õm thick 

silicon dioxide represents the BEOL and passivation layer. The actual detailed circuit 

structure is omitted here because the goal of thermal simulation is to derive the 

temperature distribution caused by the current flowing through the resistive heater 

located on the optical chip. Details of the semiconductor device simulation are 

discussed elsewhere. The detailed design, simulation and verification of the control 

circuit is performed by using a standard electronic circuit simulation tool (SPICE) and 
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layout tool (the Cadence virtuoso design suite). Those will be covered in the next 

chapter.  

Our NPA, operating in the visible spectrum, is designed to be fabricated on an 

optical flat, so the material assigned to the OC substrate is silicon dioxide. The 

connections between two chips are the flip-chip bonds at the center of the model where 

the phased array cells are. 

 

 

Fig. 3.1 3D geometry model of a NPA system in VR and AR applications. 

A detailed view of 3x3 phased array cellsô geometry is shown in Fig 3.1(b). The 

size of unit cell in the model is 15 Õm x 15 Õm with a 13 Õm long phase 

shifter/waveguide at the diagonal (light blue). The gray rectangles enclose the 

waveguides represent the top air cladding and the three light blue bars structure at the 

end of waveguides are radiating antennas. The red rectangular columns are the back-

end-of-line metal and vias of the circuit chip which are the electrical connections 

between the drain nodes of current source MOSFETs in the MB and the flip-chip bonds. 

Three horizontal pink lines are common ground buses tying one of each of the heater 

terminals to a common row together. All the ground buses are tied together and hooked 
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to the power supply, VDD, outside the phased array. The entire structure is surrounded 

by SiO2, except at the flip-chip bonds layer, which is surrounded by the FC underfill. A 

thin square box at the center top is the current source MOSFET. As mentioned before, 

the thermal model doesnôt include any detailed circuit structure. This block is part of 

the MB FEOL and is uniform silicon in the model. We outline it in the figure to assign 

a secondary heat source whose function will be described below. 

A close-up vertical view from the bottom of a single heater and phase 

shifter/antenna is shown in Fig. 3.1(c). The zig-zag resistive heaters are at the bottom 

with one end connect to their corresponding power contact leading to the MB current 

driver. The heater is designed to have its thinnest segments directly beneath the phase 

shifter for high heating efficiency by having the largest input voltage drop and heating 

power at these locations. The mesh grid on the heater and the phase shifter is also shown 

in Fig. 3.1(c). 

 The thickness of the heaters and the phase shifters are both 100 nm. Since the 

mode is well-confined, the distance between a heater and a phase shifter, and the 

thickness of the silicon dioxide bottom cladding, can be as thin as 500 nm for high 

heating efficiency while keeping the propagation loss negligible. The high geometric 

aspect ratio from these thin film structures leads to difficulties in mesh generation. The 

most common free tetrahedral 3D mesh elements are not suitable for thin layers and 

they either result in extremely small and dense mesh grids or cause mesh errors for not 

being able to insert appropriate mesh elements in some domains of the model.  

COMSOL offers an efficient way to generate mesh grids for a thin layer called 

ñthe swept mesh approach,ò as shown in Fig. 3.2. The mesh generation processes are 

as follows. First, mesh grids on either the top or bottom surface, which is called the 

source plane, of the target thin layer are generated using 2D planar triangle mesh 
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elements. In Fig 3.2(a), the source plane is the bottom of the plane where the heaters 

are located. Next, the target thin layer is sliced by a number of planes parallel to the top 

and bottom surfaces uniformly. Finally, the mesh grids on the source surface are copied 

to all of these parallel planes toward the opposite surface, the destination plane, i.e. the 

mesh grids are swept from the source plane to the destination as shown in Fig 3.2(b). 

The resulted mesh grids of the source plane, the destination plane and all the equally 

spaced parallel planes in between are all the same. In Fig. 3.2(b), the heater layer is 

divided into five sections. A finer mesh can be obtained by having more vertical 

segments in the layer. 

 

 

Fig. 3.2 Swept Mesh on the heater plane 

 To apply the swept mesh method, two conditions must be met on the destination 

plane: (i) no mesh grids are created on the destination plane before constructing the 

swept mesh and (ii) all geometry shapes and edges on the destination plane must be 

included on the source plane. For the first condition, considering that our NPA model 

contains a stack of thin layers, a 100 nm heater layer, a 500 nm SiO2 bottom cladding 

layer and a 100 nm phase shifter layer and so on from bottom to top, if the swept mesh 

approach is applied to the heater layer and the phase shifter layer first, it canôt be used 

for the middle SiO2 bottom cladding layer later, since the bottom and the top surface of 

the SiO2 layer which are the top surface of the heater layer and the bottom surface of 
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the phase shifter layer has already been meshed. In this case, the SiO2 layer must be 

meshed with free tetrahedral elements which do not work well on thin layers. To apply 

the swept mesh method to all stacked thin layers, the mesh sequence has to be in-order 

either from bottom-up or top-down. 

 For the second condition, if the destination plane contains some shapes that do not 

exist on the source plane, the triangle mesh grids generated on the source plane may 

not be fit into these shapes. Again, in our NPA model, the geometry of the heater is 

different from the geometry of the phase shifter and antenna. Thus, in a bottom-up 

swept mesh generation process, it is obviously that the mesh grids of the heater layer 

cannot be applied to the phase shifter directly. To solve this conflict, all geometries in 

the thin film layers above the heater layer are projected down to the heater layer. In this 

way, we create an extra fine triangle mesh grids on the heater layer which respects all 

the boundary constraints posed by the layers above. Therefore, this triangle mesh grids 

can be applied to all domains above seamlessly. In Fig. 3.2, one can see that there is a 

small rectangle inside the square terminal of the heater connecting to the current source 

MOSFET. The zig-zag part of the heater is partitioned into several pieces and these 

shapes originate from the geometry above the heater plane. 

 The input voltage is applied at the top surface of rectangular column of the target 

cell and zero voltage is assigned to the ground metal as boundary conditions. Hence, 

the voltage drop across the resistive heater of the target array unit cell induces a current 

flow. Equation (3.7) transforms the current flowing through the resistive heater into 

heat and this is the major heat source in the system. However, the current that flows 

through the resistive heater also flows through the current driver MOSFET. And so, a 

certain voltage drop must exist between the source and drain of the driver MOSFET to 

draw current from the power supply. The current sourcing transistor generates 
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unwanted heat in its own body (in the MB away from the waveguide). This secondary 

heat source cannot be neglected. Thus, we must explicitly assign a heat source to the 

region where the driver transistor is to get an accurate simulation of the actual 

temperature distribution. A secondary heat source is added on top of the rectangular 

column. The power that it dissipates is: 

ὖ ὠ ὠ Ὅ (3.8) 

where ὠ  is the power supply voltage, and ὠ and Ὅ are the input voltage and current 

on the top surface of the rectangular column of the target pixel. ὠ  is set to a constant 

2.5 V in the simulations according to the I/O voltage of the process technology, TSMC 

65nm 1P9m, we used to fabricate our control circuit. ὠ is the system input and ranges 

from 0 to 2.3 V. Here, we assume a 0.2 V drain-to-source voltage (VDS) drop is required 

for the driver transistor at full load. The FEM solver will compute the value of Ὅ 

according to the input voltage Vin first, apply the secondary heat source to the model 

based on the equation (3.8) and evaluate its thermal effect. 

 The remaining model settings are the boundary conditions at the outer surfaces for 

cooling. Two types of cooling boundary condition are used in the model: fixed 

temperature and heat flux. These conditions must be applied carefully to achieve 

simulation accuracy as the model is simplified. The MB will be attached to a heat sink, 

so the top surface of Fig. 3.1(a) is fixed at 300 degrees Kelvin. When using a fixed 

temperature boundary condition to simulate a heat sink, the amount of heat generated 

in the system and the cooling capability of the heat sink must be considered. In this case, 

this assumption is legit because only a single unit is heated up. The total heat in the 

system is only a few milliwatts so the heat sink can easily extract the heat while 

maintaining the contact surface at the room temperature. However, in the simulations 

for finding the maximum allowable array size which will be presented and discussed in 

detailed in the later section, multiple heaters (rather than a single heater) dissipate 
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power at the same time. The amount of generated power may be challenging for a 

conventional heat sink or even exceed its cooling capability. The temperature at the 

contact surface may be raised above the ambient temperature. Assigning a higher fixed 

temperature to the contact surface is not suitable because the temperature is not 

uniformly distributed. 

The rest of the five surfaces are assumed to transfer heat to the surrounding air. 

The outward heat flux per unit area is: 

ή ὬὝ Ὕ  (3.9) 

where Ὤ is the heat transfer coefficient, Ὕ  is the air temperature, T is the temperature 

at the boundary. The air temperature is also taken to be 300 degrees Kelvin and the heat 

transfer coefficient is assumed to be 5 W/m2K. 

For the bottom surface, which belongs to the OC, this assumption is valid and 

matches the real system setup. This surface is in direct contact with air so the output 

light can emerge without blockage. On the contrary, the other four lateral surfaces are 

not actually surrounded by air as in the real system. For the geometry shown in Fig. 

3.1(a), the length and width of the model are both 400 ɛm. It is at least an order of 

magnitude less than the dimension of the real system because the size of the actual OC 

is at least 1 cm by 1 cm. Thus, these boundaries are part of the OC and MB substrates 

in the real system. The actual outward heat fluxes at these surfaces are determined by 

the substratesô thermal conductivities and the temperature gradients based on the 

equation (3.5). However, the temperature gradients are unknown variables and using 

air convective heat flux as boundary condition is only an approximation which requires 

additional verification. 

Furthermore, the total surface area of the model affects the simulation of the result. 

The total heat dissipated from these surfaces is the total area multiplied by the outward 

heat flux in equation (3.9). To dissipate the same amount of heat as is generated at the 



- 44 - 

 

heater, the temperature at the boundary with a smaller surface area must be higher than 

the temperature at the boundary with larger surface area as a higher temperature is 

needed to compensate for lower total area. Thus, the resulting temperature of the entire 

system may be higher than it should be if insufficient surface area is included in the 

simulation model. Ideally, the model geometry should be same as it actually is (i.e., 

having a geometry with a length scale on the order of 1 cm), which solves the problem 

of small surface area and false boundary conditions mentioned above at the same time. 

However, the high geometry aspect ratio due to the size of the phased array unit cell 

prevents us from doing this. Again, the size of unit cell is 15 Õm by 15 Õm and the 

thickness of the phase shifters and resistive heaters are both 100 nm. 

The high aspect ratio of the model geometry requires large number of mesh points 

to arrive at a meaningful solution. The denser the mesh, the more computation resource 

is required. Also, the execution time of the simulation is longer. Therefore, the first step 

is to find an optimal size of the model geometry. Fig. 3.3(a) illustrates the process. The 

side length of the model geometry is gradually increased from L1, 90 Õm to L2, 2070 

um. These are 2 times and 46 times the length of a 3 x 3 array respectively. We ensure 

the number of mesh elements is dense enough to represent the system geometry at every 

step. A 2.3 V voltage is applied to the top surface of the rectangular column contacting 

the center unit cell of the 3 x 3 array. This condition corresponds to the maximum 

current flow through a single heater. The average phase shifter temperature and the 

minimum temperature at the bottom of the model geometry which is cooled by air 

convection are monitored. The simulation results in Fig. 3.3(c) and (d) summarize our 

analysis. When the side length is less than 500 um, both the average phase shifter 

temperature and minimum temperature at the bottom decrease rapidly as the side length 

increases. If the model size is too small, the simulation erroneously predicts a higher 



- 45 - 

 

temperature variation due to the boundary conditions artificially creating heat sinks 

close to the waveguide bodies.  

One may underestimate the current requirement for full range phase shift and fail 

to design a driver circuit with proper current drive strength if the model size is too small. 

Above a side length of 500 Õm, the average phase shifter temperature stabilizes at 

around 300 ÁC and the minimum temperature of the bottom surface stabilizes at room 

temperature, 27 ÁC and along the edge of the surface. It is worth mentioning that the 

temperature may not stabilize when the temperature gradients are too large. 

Furthermore, the amount of heat generated in the system is so large that the surfaces 

canôt be cooled to room temperature by air convection. Hence, the entire system is 

above room temperature. A geometry that is same as the actual system must be used in 

the simulation for accurate result in this condition. Fortunately, the heat generated from 

a single heater is not large enough to significantly raise the temperature of the system 

as we move away from the waveguides into the substrate bulk. 

The curves in Fig. 3.3(c) and (d) provide system designers with useful information 

about choosing the size of simulation model in different conditions. For simulating a 

single unit, a side length of 500 Õm is enough. However, when currents flow through a 

small number of heaters at the same time for studying thermal crosstalk, the total 

generated heat will be more than that shown in Fig. 3.3. For simplicity, we choose to 

have a side length of 1050 Õm, 30 times the size of a 3 x 3 array for the single pixel and 

the thermal crosstalk simulation. This allows room for us to study the heat generated 

by multiple heaters.  
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Fig. 3.3(a) Model geometry length sweep for determining optimal simulation size (b) model geometry 

using build-in infinite element at boundary, and the simulation result of geometry length sweep: (c) phase 

shifter average temperature and (d) minimum temperature at the bottom of the model 

An alternative approach to solve the model size issue is to use the COMSOL built-

in infinite elements. The model geometry is illustrated in Fig. 3.3(b) and the side length 

is only 180 Õm. Thin layers highlighted in blue are created around the lateral boundaries 

and are assigned to infinite elements. The software stretches the coordinates in these 

layers using a scaling function with a parameter, t, from 0 to 1. The default scaling 

function, f(t), is defined as:  

f(t)
ίύϽὸ

ίύϽρ ὸ ὴ
ὴȟ   π ὸ ρ 

(3.10) 

where ίύ is the scaled width which is the actual system size in our case and ὴ is a user 

input which determines the shape of the scaling from the drawn geometry to the actual 

system size. If ὴ  is far less than ίύ , the scaling function increases slowly at the 

beginning and reaches ίύ abruptly as t is varied from 0 to 1.  
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Using proper parameters, ίύ  and ὴ , the highlighted thin layers are scaled to 

represent the actual system size. The simulation result of the average phase shifter 

temperature is 299.87 ÁC which matches the results in Fig. 3.3(c). However, the meshes 

on the infinite element layers are highly dense so the total number of the mesh elements 

is comparable to the model with a side length of 1050 Õm. The simulation accuracy is 

affected by the choices of scaling function and its parameters. The behavior of the 

scaling function must match the temperature distribution in the infinite elements layers 

for best results. For example, if the fixed temperature boundary condition at the heat 

sink contact surface is replaced by a convective heat flux boundary condition, the result 

of infinite element using the same scaling function and parameters deviates from the 

result of former model size analysis method. Furthermore, it does not provide the 

insights for creating a simulation model as shown in Fig. 3.3(c) and (d). Therefore, the 

former model simplification and approximation method is adopted. 

For the maximum array size study in the later section, the model size must be same 

as the actual system for modelling cooling effect accurately. None of the above 

approach is used. The thin layer heater and phase shifter structures are simplified to 

keep the total number of mesh elements small so that the model can be fit in our 

computerôs memory and the computation can be completed in a reasonable time. 

The mesh result is shown in Fig. 3.4. The mesh partitions within the phased array 

thin layer are finer with both free triangular and swept mesh elements as described 

earlier. The overall mesh at the MB and optical OC substrate is coarser, with free 

tetrahedral elements. The total number of mesh elements is around 1,600,000. 

Finally, according to equation (3.5), the governing material property of the 

temperature distribution is the thermal conductivity, Ὧ (ὡ άϽὑϳ ). Table 3.1 shows a 

list of the thermal conductivities of the materials used in the model at 300 degrees 
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Kelvin. The asterisk symbols following the values mean the parameters are temperature 

dependent. 

 

 

      (a)                                                                     (b) 

Fig. 3.4 The mesh grids of the finalized model (a) entire model (b) central 3 x 3 array 

 

Table 3.1 Material thermal conductivities at 300 degrees Kelvin 

Material Thermal Conductivity (ὡ άϽὑϳ ) 

Silicon (Si) 130 

Silicon dioxide (SiO2) 1.4 

Silicon Nitride (Si3N4) 20 

Air 0.0263 * 

Nickel 90.58 * 

Aluminum 238 

Copper 400 

 

 

3.3 Steady State Single Unit Simulation 

 With the side length of the geometry fixed at 1050 Õm, a 0 to 2.3 V parameter 

sweep study for the input voltage (applied to the center unit cell) is performed. This 

simulation gives us a full understanding of the electrical and thermal interaction in the 
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system from a single phased array unit cell. The relation between the input voltage and 

the current passing through the resistive thin film heater and the input voltage and the 

average phase shifter temperature is shown in Fig. 3.5(a) as the blue and red curves.  

The temperature at the phase shifter directly relates to the phase of the output beam, 

and we must ensure that the temperature variation is large enough for a full range (0 to 

2ˊ) phase shift. According to equation (2.5) with a 13 Õm long and slow light slowdown 

factor of 6, the required temperature shift is 270 ÁC above the ambient temperature. The 

red curve in Fig. 3.5(a) shows that the average phase shifter temperature is around 300 

ÁC at 2.3 V input voltage. Thus, the result validates our model showing that the input 

voltage indeed drives a current to the heater and raises the phase shifter temperature as 

designed.  

 

 

(a) (b) 

Fig. 3.5 (a) Input voltage vs input current flowing through the heater and the average phase shifter 

temperature (b) Temperature dependent electrical conductivity of nickel used in the model. 

The blue curve in Fig. 3.5(a) shows the heater current. The value of heater current 

is obtained from a surface integration on the normal current density at the input surface. 

It is roughly linearly related to the input for voltages under 0.5 V as expected by Ohmôs 

law. The current flattens out as the input voltage rises above 0.5 V. This is due to the 

temperature dependent electrical conductivity of the nickel and the parameter value in 
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the model from 0 ÁC to 300 ÁC is shown in Fig. 3.5(b). The electrical conductivity 

decreases as temperature rises. Therefore, when the input voltage increases, the 

temperature at the heater rises so its resistance increases and the current flowing through 

it is suppressed.  

At 300 ÁC the electrical conductivity is about 3.2x106 Siemens per meter, only 

60% of the value at 0 ÁC. One can find the current driving capability required for the 

driver from Fig. 3.5. In this case, a MB current driver must supply about 5.3 mA to the 

heater element to meet the goal of 2́  phase shift. The normal current density across the 

heater is shown in Fig. 3.6.  

The heater consists of five segments; the center segment is 13 Õm long and 300 

nm wide and the length and width of the other four segments are 9.1 Õm and 300 nm 

for the two inner segments and 500 nm for the rest of two outer segments. Together, 

they provide appropriate resistance for heating the phase shifter to an average 300 ÁC 

temperature at 2.3 V input. The normal current density at the center section is about 

1.75x1011 A/m2. The current flowing through the heater is 5.25 mA by multiplying the 

normal current density with the cross-section area ï 300 nm x 100 nm. The calculation 

result matches the value from surface integration on input surface mentioned above and 

verifies the correctness of the simulation result by electric current/charge conservation.  

It should be noted that the simulated normal current density is so high that the 

device may have reliability issues because of electromigration. This does not affect the 

simulation results as the simulation mainly focuses on the relationship between the 

input power and temperature at the phase shifter. Instead, this result suggests that the 

2ˊ phase shift power must be reduced or the geometry of the heater should be changed, 

e.g., increasing the thickness to 1 Õm or the width while keeping the resistance 

unchanged, to lower the current density at full load.  
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Next, we show the detailed temperature distribution resulting from a given input 

voltage. We are most interested in the impact of drive current on the phase change for 

light traversing the phase shifter, the heater and the MB. The highest temperature in the 

system is at the heater, and one must ensure the heaters and their connections can still 

function properly at the highest temperature. This temperature also dictates the range 

of available feedback signals and the precision requirement of the control circuit. We 

can also learn the heating efficiency of the system from the temperature difference 

between the phase shifter and its corresponding heater.  

 

 
Fig. 3.6 Heater current density at 2.3 V input 

The temperature distribution at the center array with a 2.3 V input applied to the 

center unit is shown in Fig. 3.7. A significant temperature rise happens at the center of 

the heater and the phase shifter/waveguide while the temperature of the other parts 

(such as BEOL metal in the circuit chip) and the heater ground connection are near 

room temperature. This is a near ideal performance situation. The heater is designed to 

be thin and narrow at the center serpentine part and be thick and wide at the contacts. 

An additional layer of a metal other than platinum is added to reduce resistance while 

keeping the cost low. Therefore, we ensure most input voltage drop occurs at the 

heaterôs center serpentine segment.  

Figure 3.7(b) illustrates the successful heater design; the highest temperature is 

above 400ÁC at the center of the heater and the temperature decreases rapidly as we 
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move away from the center.  

 

  

(a) (b) 

Fig. 3.7 Center unit cell temperature distribution with 2.3 V input (a) side view. The rectanglar boxes are 

the air cladding of the waveguides. The center tall rectangle pillar is the metal connection between the 

OC and MB of the center pixel. The connection metal pillars of the rest of the pixels are hidden for clarity. 

The waveguides and heaters are blocked by the air claddings. The temperature at the center of the air 

cladding is raised slightly above the ambient temperature. The temperature at the center connection 

metal pillar is kept near the ambient temperature indicates the power loss due to the resistance is small.  

(b) bottom view focus on the heater. 

Figure 3.8 gives a close look of the temperature distribution at the phase 

shifter/waveguide. The maximum temperature is about 400ÁC at the center and about 

150 ÁC at both edges. The average temperature at the waveguide bending parts is about 

65 ÁC which is 38 ÁC above the ambient temperature. Since the length of these two 

bending parts are shorter than the center phase shifter and do not contain slow-light 

grating structure, the introduced phase shift at these locations is negligible. The 

minimum temperature is 38 ÁC at the antenna part farthest from the heater center. The 

temperature distribution of the phase shifter is like the temperature distribution of the 

heater because the heater is right under the phase shifter. 
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Fig. 3.8 Phase shifter/waveguide temperature distribution. 

Figure 3.9 presents a simulation summary result for temperature at the heater, 

phase shifter and a 5 Õm x 5 Õm block next to the driver MOSFET in the MB with 

respect to the total power generated by the heater. As already shown in Fig. 3.7 and Fig. 

3.8, the temperature along the heater and phase shifter is not uniformly distributed so 

we plot the maximum and average temperature.  

 

 
(a) (b) 

Fig. 3.9 Simulation result: heater power vs temperature (a) phase shifter and heater (b) driver circuit. 

 

In Fig. 3.9(a), the average temperature at the phase shifter and at the heater are 300 

ÁC and 320 ÁC, respectively, at full load (12 mW). These are linearly related to the 

heater power. A high degree of thermal coupling between the phase shifter and heater 

is achieved because the distance between them is only 500 nm. The highest temperature 

at the phase shifter and the heater are 400 ÁC and 440 ÁC and locate at the center of the 

devices as shown in Fig. 3.8.  
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The temperature at the corresponding driver circuit is shown in Fig. 3.9(b). 

Surprisingly, over a 400ÁC temperature changed in the OC, the temperature variation 

of the driver circuit inside the MB is less than 3 ÁC. This is mainly since silicon is an 

excellent thermal conductor. The heat generated from a single heater is so small that 

can be easily dissipated through the silicon substrate without raising the entire system 

temperature. 

 

Fig. 3.10 Driver MOSFET power dissipation vs heater power 

 

 Furthermore, the temperature at the driver circuit doesnôt increase monotonically 

with the heater power as the temperature at the phase shifter and the heater. The non-

monotonicity property results from the secondary heat source, and unwanted power 

dissipated from the driver MOSFET. Fig. 3.10 illustrates the power dissipated from the 

driver MOSFET vs the power generated from the heater power. At light load, the current 

flowing through the heater is small so the driver MOSFET power is small, even though 

most of the supply voltage appears across the driver MOSFET. However, the driver 

MOSFETôs power increases rapidly as the heater current increases while the driver 

MOSFETôs VDS is still large. In this region, the driver MOSFET dissipates more power 

than the heater does.  

The maximum power dissipated by the driver MOSFET is around 4.8 mW and 3 

mW by the heater at the same time. When the driver MOSFETôs VDS decreases faster 
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than the increase of the heaterôs current, the driver MOSFETôs power starts to decrease 

and reaches a minimal value at full load when most of the supply voltage is across the 

heater. The driver MOSFET dissipates about 8 % of the heaterôs power, 1 mW, at full 

load. Combining Fig. 3.9(b) and Fig. 3.10, the maximum temperature at the driver 

circuit occurs when the heater power is 7 mW and the driver MOSFETôs power is 3.8 

mW. The situation is even worse when the thermal crosstalk between the neighboring 

driver MOSFETs is taken into account. A temperature sensor inside a driver circuit unit 

will register more heat from its adjacent driver MOSFETs due to the low thermal 

resistance of the MB substrate. As a result, this cannot faithfully reflect the temperature 

at its target phase shifter or heater. Therefore, it is impractical to implement a 

temperature sensor in the driver circuit. A temperature sensor must be located near its 

monitoring phase shifter or heater for high thermal coupling. 

 It is worth mentioning that there is an important design trade-off between the size 

of the driver MOSFET and the heating efficiency (power transfer ratio between the 

heater and the driver MOSFET). To maximize the heating efficiency and minimize the 

power dissipated by a driver MOSFET at 2 ́phase shift, a driver MOSFETôs VDS has 

to be kept as small as possible to ensure most supply voltage drops across a heater. The 

combination of the heaterôs resistance and the size of driver MOSFET determines the 

ὠ ͺ  at full load. The heaterôs resistance at full load (Ὑ ), can be expressed as: 

Ὑ ͺ  (3.11) 

where ὠ   is the power supply voltage, 2.5 V, and ὖ   is the power required for 2ˊ 

phase shift which we use 12 mW based on the simulation result. The heaterôs resistance 

is temperature dependent, and the value at room temperature can be approximated as: 

Ὑ Ὑ ρ ‌ЎὝ ͺ Ὑ ρ ‌‍ὖ Ὑ ρ ‍ὖ      (3.12) 

where ‌ is the resistivity temperature coefficient of the heater and can be calculated 
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from the simulation result or the input material properties, and ‍ is the slope of the 

heater power vs average heater temperature curve in Fig. 3.9(a). The input current at 

full load (Ὅ) is: 

Ὅ
ͺ
     (3.13) 

 

The size of a driver MOSFET has to be large enough to supply Ὅ. At full load, a 

driver MOSFET is fully on with gate-source voltage (VGS) equal to VDD, 2.5 V. 

Assuming a 0.7 V threshold voltage (VTH), the VDS has to be greater than 1.8 V to keep 

a driver MOSFET in its saturation region. Since the ὠ ͺ  has to be small as possible 

to achieve high heating efficiency, a driver MOSFET must operate in deep triode region 

at full load. Using the MOSFET current equation in triode region, we have: 

Ὅ ὑ ὠ ὠ ὠ ͺ ὠ ͺ      (3.14) 

where ὑ is a fixed MOSFET parameter which is assumed to be 100 ɛA/V2, ὡ is the 

MOSFETôs channel width and ὒ  is the MOSFETôs channel length. Using the value 

mentioned above, the size of a MOSFET is: 

ὡ

ὒ

Ὅ

ὑ ὠ ὠ ͺ ὠ ͺ
ρ
ςὠ ͺ
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(3.15) 

and it is approximately inversely proportional to ὠ ͺ  when ὠ ͺ  is close to zero. 

We can evaluate the size of the driver MOSFET numerically with various values of 

ὠ ͺ . 

 For a given heating efficiency at 2ˊ phase shift, one can determine the ὠ ͺ  and 

use the equation (3.11) and (3.12) to find the heaterôs resistance at room temperature. 

The power dissipated by the heater and the driver MOSFET at any VDS between ὠ  

and ὠ ͺ   can be calculated as follows. Similar to equation (3.12), the heater 
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resistance at a given VDS can be expressed as: 

Ὑ  Ὑ ρ ‍ὖ  Ὑ ρ ‍       (3.16) 

Solving equation (3.16), leads to: 

Ὑ         

(3.17) 

 

Thus, the heater power is: 

ὖ        (3.18) 

and the driver MOSFET power is: 

ὖ ὠ                (3.19) 

Figure 3.11(a) and (b) illustrate equation (3.15) for ὠ ͺ  from 0.2 V to 1 V and 

the heater and the driver MOSFET power curve for VDS_MIN equal to 0.2 V, 0.4 V and 

0.6 V respectively. The required driver MOSFET W/L ratio increases steeply as the 

VDS_min approaches zero. The blue curve, 0.2 V ὠ ͺ , in Fig. 3.11 (a), is similar to 

the power curve in Fig. 3.10 which means the analysis matches the simulation results. 

A small ὠ ͺ  not only minimizes the driver MOSFET power at full load but also 

reduces this power loss for full range of phase shift. A driver MOSFET with larger W/L 

allows for a heater with higher resistance. For a fixed heater power, a heater with higher 

resistance leads to a larger voltage drop across the heater and smaller current. The power 

loss from the driver MOSFET connecting to this heater is smaller as the MOSFET is 

operated at less current and lower VDS. Hence, a large driver MOSFET is preferred for 

achieving large array size by minimizing the power loss from the driver circuit. 

 

Next, I investigated various structures to increase the thermal resistance in the NPA 

pixel to reduce the power required for a 2ˊ phase shift. Based on the simulation result, 
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the power density of 12 mW on a 15 Õm-by-15 Õm pixel is about 5,300 W/cm2. The 

cooling capability of most modern heat sinks is on the order of 100 W/cm2
 [107]. This 

means the surface area of a heat sink must be about 50 times greater than the size of an 

NPA. This is the case in our simulation as only one NPA pixel is powered and the 

surface of the cooling boundary is 1 mm2. However, for a large size NPA, this high 

power density leads to gigantic (physically infeasible) heat sink. The concentrated high 

power from tightly packed pixels and the internal thermal resistance of a large heat sink 

results high temperature gradient which may drive the temperature at the control circuit 

above the safe operating limit. To realize a large size NPA, the power for a 2ˊ phase 

shift must be further reduced. 

 

  

(a) (b) 

Fig. 3.11 (a) Driver MOSFET size W/L vs minimum VDS (b) Driver MOSFET power dissipation vs heater 

power for different VDS_min 

One way to increase the thermal resistance connecting to the heater and the phase 

shifter is to remove part of the material (SiO2) near these devices. The removed empty 

space is filled by air which acts as a thermal barrier, so the heat can be confined within 

the pixel. Fig. 3.12 illustrates the cross sections of various NPA pixel structures in this 

study.  

Figure 3.12(a) shows the original structure. The top cladding of the phase shifter 

is air and a 500 nm thick SiO2 is between the heater and the phase shifter. Heat can 
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travel in all directions toward the heat sink on top of the MB. The first thermal 

insulation layer is added by etching the SiO2 along the two sides of the phase shifter 

vertically down to the heater as shown in Fig. 3.12(b). It eliminates the path for heat 

transferring upward directly. In Fig. 3.12(c), the thermal insulation is further enhanced 

by forming air trench into the OC substrate. It prevents heat from escaping in the lateral 

direction. Deep trenches result in high aspect ratio structures which may weaken the 

deviceôs mechanical strength, complicate the OC fabrication processes, and reduce the 

yield. All of this would create a very expensive device.  

 

 

Fig. 3.12 NPA pixel cross section (a) original (b) SiO2 removal between the heater plane and phase 

shifter plane (c) trench isolation (d) free standing 

The trench depth in the study is limited to 4 Õm so the ratio of the depth to the 

width of the SiO2-heater-SiO2-phase shifter stack is less than 5. Finally, a free-standing 

structure is possible [108]. The SiO2-heater-SiO2-phase shifter stack forms a free-

standing thin film membrane and connects to the OC substrate in the direction normal 

to the Fig. 3.12(d). Heat can only propagate along the stack to the substrate and is 
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blocked in all the other direction. Again, the major disadvantage of this structure is the 

issue of low mechanical strength and complex fabrication processes.  

Intuitively, increasing the thermal resistance between a device and a heat sink 

would increase the deviceôs cool down time because the heat energy is well-confined 

and cannot escape to the heat sink easily. As a matter of fact, a commonly used figure 

of merit (FOM) for a phase shifterôs performance is its 2ˊ power requirement times its 

response time [78]. It indicates that there is a design trade-off between power and speed 

(as it appears above) by removing thermal leakage paths. Fortunately, unlike the optical 

communication applications for which ultra-high speed is essential, the respond time 

for NPA image applications only must be on the order of millisecond (30 to 120 frame 

rate per second). Special control technique can be used in LIDAR applications to speed 

up the scanning rate to offset the extra response time. 

The results are shown in Fig. 3.13. The trench depths used in the simulation are 

500 nm, 1 um, 2 um, 3 um and 4 um. The parameters for the free-standing structure are 

2 Õm/1 Õm, 4 Õm/1 Õm, 4 Õm/2 Õm and 4 Õm/3 Õm where the first parameter is the 

trench depth, and the second parameter is the distance between the trench surface and 

the bottom of the free-standing stack. The difference between the two parameters is the 

height of the supporting SiO2 under the heater. For simulation simplicity, the thickness 

of the heater is varied instead of changing the heater geometry to keep the average phase 

shifter temperature around 300 ÁC with 2.3 V voltage drop across the heater for all 

insulation configurations. The thickness is reduced as thermal insulation features are 

introduced so the heater provides less power at full load. Although it does not take into 

account the current capacity of the heater, the main purpose of this study is to learn how 

thermal insulation features in a NPA pixel lower the power requirement and one can 

apply the results to optimize the heater design based on any particular system 
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specification. 

 
Fig. 3.13 Phase shifter power performance with various thermal insulation structures (a) air trench 

insulation (b) 2ˊ phase power vs thermal insulation trench depth (c) free standing 

The first step (SiO2 etching) reduces the power requirement about 22%, from 11.76 

mW to 9.16 mW. An additional 2.8 mW is saved with a 500 nm depth trench insulation. 

The 2ˊ power continues to decrease as the trench depth increases but it begins to 

saturate at 3 Õm depth as shown in Fig. 3.13(b). The 2́  power reduction from 3 Õm to 

4 Õm trench depth is only 0.16 mW. A high height-to-width center stack can be avoided 

because, as it provides negligible power saving. Free-standing structures further 

decrease the power requirement as expected. Although the differences of the required 

power are small, the 2́  phase shift power of 2 Õm/1 Õm configuration is less than the 

power of 4 Õm/1 Õm but more than the power of 4 Õm/2 Õm and 4 Õm/3 Õm 

configurations. The trench depth and the height of the supporting SiO2 together 

determine the power requirement. The cross section of the junction between the free-

standing stack and the OC substrate through which the majority of the heat energy 
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transfers to the heat sink is proportional to the height of the supporting SiO2. In 

summary, the lowest achievable 2́  phase shift power of the etching thermal insulation 

method is about 2.5 mW. This is 21.2 % of the original simple structure requirement, 

i.e., about 80 % power saving. 

The relation of the average temperature at a phase shifter and heater power with a 

2 Õm trench isolation depth structure and pixel pitch from 10 Õm to 15Õm is shown in 

Fig. 3.14(a). The length of the phase shifter is assumed to be 2 Õm less than the pixel 

pitch, from 8 Õm to 13 Õm. The length is not directly proportional to the pixel pitch 

because not all devicesô dimensions directly shrink with the pixel pitch; e.g. the widths 

of the waveguide/phase shifter are determined by the slow light Bragg grating design 

and the propagation mode. The result shows that for a same amount of heater power, 

the average temperature at a phase shifter is higher for smaller pixel size because heat 

energy is confined to a smaller volume. However, according to equation (2.5), a shorter 

phase shifter requires a higher temperature raise above the ambient for a 2́  phase shift. 

The 2́  phase shift power for different pixel sizes is presented in Fig. 3.14(b). The slow 

down factor is assumed to be a constant (6) not varying with pixel sizes. The power 

requirement increases as the pixel size reduces. The increase of the required 

temperature raise due to a shorter phase shifter dominates over the increase of power 

efficiency for smaller volume. Thus, higher power is needed for a NPA with larger FOV 

and finer beam width. It is possible to further reduce the 2́  phase shift temperature 

with pixel size greater than 15 Õm, because extra space allows a phase shifter to be 

bended 180Á without significant propagation loss which at least double the effective 

length in equation (2.5).  
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Fig. 3.14 Phase shifter power performance with various pixel size (phase shifter length) (a) power vs 

average temperature (b) 2ˊ phase power vs pixel size (phase shifter length) 

The above simulations are repeated for our LIDAR NPA. Since the wavelength 

used in a LIDAR NPA is 1550 nm, the core of the waveguide/phase shifter can be silicon 

instead of silicon nitride and SOI wafers are used to make the NPA. The cross section 

of a LIDAR NPA pixel is shown in Fig. 3.15(a) and (b). The major difference is the 

relative location of the heater and the phase shifter. The heater is on top of the phase 

shifter. The thickness of the top layer silicon of the SOI substrate is 220nm and is used 

as the core of the phase shifter. 2 Õm buried oxide below the top layer is used as the 

lower cladding. A 500 nm thick SiO2 is grown on top of the top layer silicon as upper 

cladding. Finally, the heater is deposited on the upper cladding. The distance between 

the heater and the phase shifter is same as the distance in the VR NPA and high thermal 

coupling is achieved. 

 

 
Fig. 3.15 LIDAR NPA pixel simulation model cross section (a) original (b) with trench thermal insulation 
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 The thermo-optic coefficient of silicon is much higher than silicon nitride, and the 

slow down factor can be up to 10. Therefore, to reach a 2́  phase shift, we need only 

elevate the phase shifter temperature 67 ÁC above the ambient temperature for a 13 Õm 

phase shifter. This is a significant reduction compared to 270 ÁC in a VR NPA using 

silicon nitride. The results in Fig. 3.16 illustrate that the power requirement for a 

LIDAR NPA pixel without air insulation structure is about 6 mW. The power reduction 

is about 50 % comparing with the results of VR NPA. However, the expected power 

reduction is 75 % because the required temperature shift of our LIDAR NPA is only 

one-fourth of our VR NPA. This is mainly due to the high thermal conductivity of the 

silicon substrate and the thickness of the SiO2 layer between the phase shifter and the 

silicon substrate to block the heat transfer is only 2 Õm. The power required after 

etching down to the phase shifter plane and installing the 2 Õm air trench thermal 

insulation structures is reduced from 6 mW to 5.5 mW and 4.2 mW respectively. 

 

Fig. 3.16 LIDAR NPA pixel simulation result: average phase shifter temperature vs heater power with 

different pixel thermal insulation structures 

To sum up, our LIDAR NPA consumes about half of the power (6 mW) that our 

VR NPA requires (11.76 mW) when no thermal insulation structure is present in the 

pixel. This is because of the higher thermo-optic coefficient of silicon and the use of 

slow light. When 2 Õm thermal insulation air trenches are introduced, the 2́  phase shift 
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power of our LIDAR NPA (4.2 mW) is only 0.56 mW less than the 2́  phase shift power 

of our VR NPA (4.76 mW). This is due to the high thermal conductivity of the SOI 

substrate, thermal insulation structures work less efficiently, and high thermal leakage 

negates the advantages of using silicon as the phase shifter core. 

 

3.4 Transient Response 

Thermal transient simulation was performed based on pixels with a 2 Õm trench 

structure. Fig. 3.17 shows the simulation results of two load conditions. Since the 

transient simulation requires more computational resource than the simulation 

discussed above, the simulation was done purely in the thermal domain.  

Using our unique broken-loop feedback control method, this heater continuously 

switches between two modes mentioned above. No power is provided by the heater in 

the sensing mode and a near constant power is generated by the heater in the heating 

mode. Thus, a heat source of 100 kHz square wave with 90 % duty cycle was applied 

to the target heater directly. That is, the durations of the heating mode and sensing mode 

of each cycle are 9 Õs and 1 Õs.  

At steady state, the driver output current to the heater is expected to repeat between 

two consecutive states as the amplitudes of the heater power in Fig. 3.17(a) and (c). Fig. 

3.17(b) and (d) show the simulated maximum heaterôs temperature and the phase 

shifterôs average temperature above the ambient for the heater output power conditions 

in Fig. 3.17(a) and (c). The temperature of the entire system is rest at ambient at time t 

= 0. For both load conditions, the phase shifterôs temperature is stabilized within three 

cycles.  

The phase shifterôs temperature responses as a low-pass filter with respect to the 

heater power. Ripples exist as expected because the heater turns on and off. The 

amplitude of ripples is about one-third of the highest value. To minimize the ripple 
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amplitude, the sensing time must be kept small because of the small cooling time 

constant. For VR applications, the ripple does not lead to any performance issue 

because the frequency is far beyond 120 Hz framerate, the limit of human vision for 

most people.  

 

  

(a) (b) 

  

(c) (d) 

Fig. 3.17 NPA pixel thermal transient simulation result (a) heater power dissipation at light load, (b) 

results of (a), (c) heater power dissipation at high load, and (d) result of (c) 

To sum up, the transient simulation result verifies that the broken-loop feedback 

driving mechanism is suitable for NPA pixels with 2 Õm trench structure. The phase 

shifterôs temperature can be raised successfully above the ambient at different levels 

and stabilized in a reasonable duration.  

 

 

3.5 Thermal Crosstalk 

 In this section, the analysis of the simulation for inter-pixel thermal coupling is 
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presented. As explained earlier, to overcome the routing congestion in scalable 2D 

NPAs with independent phase control for all units, each pixel contains its own phase 

shifter and heater. A phase shifter and a heater may be surrounded by some local thermal 

insulation as introduced in the previous section. This has the potential for reducing the 

power needed by confining the heat energy. But due to the small pixel size, the heat can 

still leak to the adjacent pixels and inevitably raise their temperature. This proximity 

effect causes phase shifters to deviate from their ideal temperature and introduces phase 

errors. The purpose of this study is to quantify the thermal crosstalk and to use this 

information to explore the need of a feedback control mechanism and a proximity effect 

correction procedure for minimizing phase errors and preventing thermal runaway.  

 The array size in the simulation model is expanded from 3 x 3 to 5 x 5. The input 

voltage is not limited to the center unit and can be applied to multiple units 

simultaneously. The pixels are labeled by row and column indexes from 1 to 5. For 

example, the center pixel is referred to as pixel [3,3]. The average temperatures at each 

phase shifter in the array are measured. The applied voltages are either 0 or 2.3 volts, 

representing the off or fully on status of a current driver. From the single unit simulation 

results, the average temperature raise at a phase shifter is proportional to the power 

generated by a heater almost linearly. Thus, temperature for load conditions between 

off and fully on can be linearly interpolated. However, even with only 2 states, 25 array 

units lead to 225
 possible loading configurations. It is impossible to solve all the 

configurations so only certain representative cases are chosen. 

 First, pixels are turned on one at a time to see how these pixels affect the 

temperature at their adjacent pixels. The average temperature increases at phase shifters 

for pixels with 2 Õm trench thermal barriers and without etching thermal insulation are 

illustrated in Table 3.2 and Table 3.3. The highlighted cells represent the pixels that are 



- 68 - 

 

turned on. Comparing Table 3.2 and Table 3.3, the temperature at the adjacent pixels is 

reduced by half when trench thermal barriers are presented in the pixels. Thus, it is 

essential to have the pixels surrounded by some form of thermal insulation structures. 

Not only does this reduces the power consumption, but it also suppresses the thermal 

crosstalk. 

The temperature distribution is not symmetric with respect to the fully on pixel. 

For the same distances away from the fully on pixel, the temperature increase in pixels 

in the same row are higher than the temperature increases in pixels in the same column. 

For example, in Table 3.2(a), for one pixel pitch away from the fully on pixel [3,3] the 

temperature increases at pixels [3,2] and [3,4] are higher than the increases at [2,3] and 

[4,3]. This is because the pixel is not symmetric with respect to its center and the 

orientation of the heater placement. These differences reduce as one moves away from 

the fully on pixel. This is because the thermal coupling is reduced and the temperature 

variations caused by the asymmetric pixel geometry tend to be averaged out.  

 Comparing the results in Table 3.2, one can find that the temperature distributions 

centered on the fully on pixel are almost identical expect that pixels at the array 

boundary which are surrounded by fewer pixels have larger temperature increases. For 

example, the temperature increases at the boundary pixel [1,1] in Table 3.2(b) is higher 

than the increases at the pixel [2,2] in Table 3.2(a) which are both located one pixel left 

and one pixel up away from the fully on pixel of the respecting configurations. The 

difference is 0.486 ÁC which is about 30 % of the value of the pixel [2,2] in Table 3.2(a). 

On the other hand, the difference between the pixel [2,2] in Table 3.2(a) and the pixel 

[3,3] in Table 3.2(i) (which are in a same relative position to their fully on pixels as in 

the previous case) is only 0.016 ÁC. Similar patterns can be observed at other pixels in 

the table. The assumption of a uniform silicon dioxide layer,  instead of the actual pixel 



- 69 - 

 

layer structure around the boundary pixels in the model, results in this error. Fortunately, 

the absolute error reduces as the distances from the fully on pixel increases. Therefore, 

combining the results of single fully on cell with a 5 x 5 array, a 7 x 7 estimated 

temperature distribution map with center cell being fully on can be obtained as shown 

in Table 3.4. Temperatures at cells outside the 7 x 7 map can be extrapolated if needed. 

This matrix is the impulse thermal response of a single pixel. The overall temperature 

distribution can be calculated by the convolution of the pixels input and this matrix if 

the thermal crosstalk response is linear. 

 Next, multiple pixels are turned on simultaneously. The results are compared with 

single pixel results to check whether the temperature distribution of multiple pixels can 

be approximated by the superposition of single pixel results. Table 3.5 shows the results 

of inner 3 x 3 pixels being all on with/without the center pixel and the estimations from 

superposition.  

When multiple cells are turned on fully, each heater generates slightly less power 

than the power in the former simulations where only one cell is turned on at a time. 

This is because the simulation control input is voltage instead of power. With multiple 

cells being on, thermal crosstalk causes the heatersô resistance to go higher than the 

value when only single cell is on. Since the input voltage is still 2.3 V, the heatersô 

powers are reduced slightly. For example, the heaterôs powers of the pixel [3,3] are 4.66 

mW and 4.7 mW in Table 3.5(c) and Table 3.2(a) respectively. To reduce estimation 

errors, the convolution kernel, Table 3.4, has to be scaled down by the ratio of the actual 

heaterôs power in the multiple unit simulations to the heaterôs power in the single unit 

simulations for each pixel. If the correction factors are neglected, the estimated 

temperature at pixel [3,3] for Table 3.5(c) is 298 ÁC which is 6.5 ÁC higher than the 

value in Table 3.5(d). Table 3.5 demonstrates a good agreement between the simulation 
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results and the estimations using Table 3.4. This proves the thermal crosstalk response 

is near linear with respect to the individual heaterôs power. It is unnecessarily to run 

simulations for all possible configurations. An impulse response matrix obtained by 

combining several simulations of single fully on cell at different locations is enough to 

calculate an approximated temperature distribution when the array size is small.  

It is worth noting here that the impulse response matrix is generated under the 

assumption that the temperature at the heat sink contact surface is maintained at room 

temperature, 300 K. In other words, the array size is so small that the total heat 

dissipation from the system is much less than the heat sinkôs cooling capacity. As 

mentioned before, the surface temperature may be elevated above the room temperature 

to extract more power for a large NPA. Temperature gradients from the arrayôs center 

to the edge must also exist for heat being extracted from the arrayôs center. The 

existence of the temperature gradients is verified by the simulation results of array size. 

This is elaborated on in the next section. In additional to the proximity effect, a term 

representing the gradient is needed to model the thermal introduced phase error 

accurately. This will be discussed in more details in the phase error analysis section. 
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Table 3.2 Thermal crosstalk simulation results for 2 Õm air trench: average temperatures at each phase 

shifters in a 5 x 5 array. Highlight cell represents the fully on pixel. 

лΦпо лΦсмп лΦулс лΦсфо лΦпот 

лΦстп мΦс пΦло нΦсро лΦттп 

лΦффп пΦпо нтнΦф пΦнуу лΦфмр 

лΦумт нΦсмм оΦфлр мΦрсу лΦслс 

лΦпнс лΦсос лΦтот лΦрпф лΦопф 
 

нΦлус пΦопс нΦутр лΦууу лΦофм 

пΦулр нтоΦл пΦоно лΦфмо лΦос 

нΦур оΦфро мΦрун лΦрфс лΦнфо 

лΦтоу лΦтрн лΦрпт лΦоор лΦнмс 

лΦооп лΦомо лΦнт лΦнлф лΦмрф 
 

όŀύ tƛȄŜƭ ώоΣоϐ ƻƴ όōύ tƛȄŜƭ ώнΣнϐ ƻƴ 

лΦумм мΦунм пΦнфт нΦусс лΦфлр 

мΦлмт пΦпру нтнΦф пΦомс лΦфос 

лΦунп нΦсмт оΦфмн мΦртр лΦсмн 

лΦпно лΦснф лΦтну лΦрпм лΦопр 

лΦнпс лΦнум лΦо лΦнсс лΦнмп 
 

лΦоуф лΦтоп мΦумн пΦомм нΦфо 

лΦоур лΦфнр пΦппф нтоΦл пΦпмо 

лΦоп лΦтро нΦсм оΦфнп мΦсор 

лΦнпс лΦотф лΦснп лΦтоп лΦрт 

лΦмтс лΦнн лΦнту лΦоло лΦнум 
 

όŎύ tƛȄŜƭ ώнΣоϐ ƻƴ όŘύ tƛȄŜƭ ώнΣпϐ ƻƴ 

лΦтон лΦуоо лΦт лΦпнф лΦнсо 

мΦурф пΦлтп нΦсс лΦтрф лΦон 

пΦтто нтнΦф пΦнфс лΦуфп лΦопт 

нΦупн оΦфпс мΦртс лΦрфм лΦнуф 

лΦтпп лΦтс лΦррр лΦопм лΦнму 
 

лΦнсп лΦоур лΦслф лΦумо лΦтнм 

лΦомр лΦрфф мΦрфм пΦлпн нΦтм 

лΦотм лΦфлр пΦпнм нтоΦл пΦоур 

лΦоор лΦтпу нΦслп оΦфмт мΦсну 

лΦнпу лΦоуо лΦсом лΦтпо лΦртт 
 

όŜύ tƛȄŜƭ ώоΣнϐ ƻƴ όŦύ tƛȄŜƭ ώоΣпϐ ƻƴ 

лΦопф лΦоп лΦолт лΦнп лΦмум 

лΦссп лΦтрс лΦсоо лΦоу лΦно 

мΦурн пΦлсс нΦсро лΦтро лΦомс 

пΦттт нтоΦл пΦнфу лΦуфс лΦопу 

нΦусс оΦфут мΦслс лΦслт лΦнфу 
 

лΦнрп лΦнфо лΦонс лΦоло лΦнпр 

лΦоу лΦрпт лΦтон лΦснт лΦоуу 

лΦссу мΦрфо пΦлно нΦспс лΦтсф 

лΦффс пΦпоп нтнΦф пΦнфм лΦфмт 

лΦуо нΦсот оΦфпф мΦрфу лΦснм 
 

όƎύ tƛȄŜƭ ώпΣнϐ ƻƴ όƘύ tƛȄŜƭ ώпΣоϐ ƻƴ 

лΦмур лΦнну лΦнф лΦонф лΦомт 

лΦном лΦооп лΦрпм лΦтоу лΦсрп 

лΦомм лΦрфо мΦруп пΦлоп нΦтлп 

лΦотн лΦфлт пΦпнп нтоΦл пΦоуу 

лΦопо лΦтсн нΦсом оΦфс мΦсрс 
 

 

όƛύ tƛȄŜƭ ώпΣпϐ ƻƴ  
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Table 3.3 Thermal crosstalk simulation results for pixel without thermal insulation structure: average 

temperatures at each phase shifters in a 5 x 5 array. Highlight cell represents the fully on pixel. 

лΦунус мΦмсон мΦптфр мΦнрмр лΦумум 

мΦолсф оΦмннп тΦрфуф пΦпт мΦплтс 

мΦфмсп уΦфтмф нтнΦпп уΦтлтн мΦттфт 

мΦптру пΦоутр тΦплнм оΦлттт мΦмур 

лΦтфлм мΦмппн мΦорос мΦлппт лΦсурт 
 

пΦлтту уΦноом пΦфлту мΦсном лΦтррп 

фΦтлфт нтнΦсс уΦтсмп мΦтрфп лΦтлуу 

пΦуплс тΦпфнф оΦмлмт мΦмсмм лΦруон 

мΦонум мΦотфр мΦлплп лΦсрфс лΦпото 

лΦсопм лΦслнт лΦромм лΦпнмс лΦонфу 
 

όŀύ tƛȄŜƭ ώоΣоϐ ƻƴ όōύ tƛȄŜƭ ώнΣнϐ ƻƴ 

мΦртмф оΦрсос уΦморп пΦуфпу мΦссоф 

мΦфрум фΦлннр нтнΦпф уΦтртр мΦумст 

мΦпутт пΦоффо тΦпмпм оΦлуфн мΦмфр 

лΦтурн мΦмону мΦоотф мΦломр лΦстуу 

лΦпттп лΦрпо лΦрумн лΦрнро лΦпон 
 

лΦтснм мΦпнсм оΦрпр уΦмсуу рΦлосс 

лΦтрмо мΦттср уΦфффт нтнΦт уΦфттр 

лΦсрлм мΦорто пΦоусп тΦппмп оΦнмср 

лΦптфо лΦтлтн мΦмноф мΦор мΦлуун 

лΦорот лΦпонп лΦроум лΦрутс лΦррос 
 

όŎύ tƛȄŜƭ ώнΣоϐ ƻƴ όŘύ tƛȄŜƭ ώнΣпϐ ƻƴ 

мΦотс мΦрнфс мΦнспт лΦулно лΦрмпу 

оΦснсу тΦсупф пΦпумс мΦотос лΦснлф 

фΦсрмф нтнΦсн уΦтмуп мΦтнтр лΦсут 

пΦунто тΦпунп оΦлфпр мΦмрпс лΦрттп 

мΦоофт мΦофрн мΦлррр лΦссфт лΦппнп 
 

лΦрнну лΦтр мΦмррм мΦпфпф мΦолуу 

лΦсно мΦмсрн оΦмлрс тΦснрр пΦрфрм 

лΦтнсм мΦтпнн уΦфррс нтнΦср уΦфнсу 

лΦспнт мΦопфт пΦотуу тΦпомп оΦнлрн 

лΦпунр лΦтмрр мΦмоу мΦоссф мΦмллс 
 

όŜύ tƛȄŜƭ ώоΣнϐ ƻƴ όŦύ tƛȄŜƭ ώоΣпϐ ƻƴ 

лΦссфп лΦсроо лΦрфлм лΦптмп лΦоспс 

мΦнпсс мΦоуму мΦмост лΦтлфп лΦпрол 

оΦсмоо тΦстлр пΦпстт мΦоснр лΦсмом 

фΦсру нтнΦсн уΦтмтм мΦтнтп лΦсуту 

пΦутлф тΦррор оΦмпоу мΦмтфн лΦрфлс 
 

лΦрлмп лΦртот лΦснтс лΦрунр лΦпулм 

лΦтотл мΦлосм мΦооф мΦмнтн лΦтнср 

мΦнфтм оΦммлу тΦрусо пΦпрус мΦофус 

мΦфнлс уΦфттт нтнΦпр уΦтмоо мΦтуор 

мΦпфто пΦпопп тΦптуф оΦмом мΦнмлм 
 

όƎύ tƛȄŜƭ ώпΣнϐ ƻƴ όƘύ tƛȄŜƭ ώпΣоϐ ƻƴ 

лΦотоу лΦпрср лΦрсуп лΦсорн лΦсмлс 

лΦпсму лΦсрро мΦлнсф мΦорлр мΦмулн 

лΦсмрл мΦмрпс оΦлфн тΦсммо пΦрунр 

лΦтнтс мΦтпп уΦфрр нтнΦсс уΦфомм 

лΦсрпт мΦотнп пΦпнп тΦрлрр оΦнрп 
 

 

όƛύ tƛȄŜƭ ώпΣпϐ ƻƴ  
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Table 3.4 Estimated 7 x 7 temperature distribution with the center pixel being fully on (impulse response) 

лΦмртс лΦнммс лΦнсу лΦнфф лΦнтту лΦнмфо лΦмтпу 

лΦнмоу лΦооп лΦрпм лΦтон лΦсоо лΦоу лΦнппс 

лΦнфмс лΦрфф мΦс пΦло нΦсро лΦтрф лΦооуу 

лΦоппт лΦфлр пΦпо нтнΦут пΦнуу лΦуфп лΦосру 

лΦомот лΦтро нΦсмм оΦфлр мΦрсу лΦрфм лΦолто 

лΦннфн лΦотф лΦснф лΦтну лΦрпм лΦоор лΦннфн 

лΦмтфп лΦнофл лΦолро лΦонпн лΦнууу лΦннтн лΦмтрл 

 

Table 3.5 Thermal crosstalk simulation results for multiple pixels being turned on simultaneously, inner 

3x3 on except the center (a) simulation and (b) estimated by convolution; inner 3x3 all on (c) simulation 

and (d) estimated by convolution 

рΦлно уΦуттс ммΦлсо млΦлпс рΦууто 

фΦрсм нулΦпр нунΦрт нулΦрп фΦфлнф 

ммΦур нунΦрп нпΦтнн нунΦрп млΦфор 

млΦслп нулΦрм нунΦпн нулΦнн уΦсмсо 

рΦтлфс фΦнмнн млΦлтф тΦфнфо оΦфтун 
 

оΦуосо тΦфттт млΦмтп фΦнотн рΦноум 

уΦрруп нумΦнф нуоΦтс нумΦпр фΦсумф 

млΦумм нуоΦсу нпΦттп нуоΦто млΦтпн 

фΦтнпп нумΦп нуоΦсф нумΦлу уΦпнфп 

рΦмфтн фΦмонн млΦлпт тΦутос оΦуумо 
 

όŀύ όōύ 

рΦпомп фΦпрсп ммΦуму млΦсфм сΦнфсу 

млΦнлр нумΦр нурΦнп нунΦом млΦсор 

мнΦтфр нурΦну нуфΦос нурΦмф ммΦулт 

ммΦосф нунΦно нупΦфф нумΦнп фΦмуут 

сΦмлу фΦулор млΦтсф уΦппсо пΦолфт 
 

пΦмрос уΦпуут млΦусо фΦуомф рΦрфсм 

фΦмнпл нунΦпт нусΦтт нуоΦпс млΦофт 

ммΦссо нусΦту нфмΦпу нусΦтн ммΦруп 

млΦпоо нуоΦор нусΦру нунΦно уΦфутс 

рΦррпо фΦтнол млΦтон уΦоупу пΦмффп 
 

όŎύ όŘύ 

 

3.6 NPA Scalability Analysis 

 The above simulations focus on the performance of a local single pixel. Here, we 

shift the focus to the large-scale system thermal response. Because our thermo-optic 

NPA is power hungry and the NPA (OC) and the control driver circuit (MB) are tightly 

integrated, the local power density can be one order of magnitude higher than the 

cooling capability of the most commonly used modern heat sink. Even though several 

high-performance cooling techniques have been reported, e.g. cooling device with an 

average power density of 1.16 kW/cm2 [109] and 1.25 kW/cm2 [110], the cost of these 

devices is too high to use in commercial products; the temperature at the control driver 

circuit is greatly affected by the total power consumption of the OC.  

For reliability and performance of the driver circuits, the maximum temperature at 

the MB must be kept below 125 ÁC. This restricts the size of a NPA because a larger 
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phased array results higher congregated heat energy. That stresses the heat sink and 

creates a high temperature gradient across the entire system. A set of thermal 

simulations for characterizing the function between the maximum temperature at the 

MB and the array size is essential and provides insights for system designers. 

 The FEM geometries used in the single pixel thermo-electric and small array 

thermal crosstalk studies are not suitable for system level simulation as using a detailed 

pixel structure at system level makes the total number of mesh elements prohibitive 

large (The 5 x 5 array geometry used in the thermal crosstalk study is merely fitted in 

our workstation with 64 GB memory and the required memory grows quadratically 

with the array size). Thus, a system level model geometry which replaces the exact 

pixel structure with simple shapes is crucial to conduct the study with limited 

computation resource. 

 Figure 3.18 demonstrates a series of simplification process with increasing levels 

of abstraction. Same set of operating conditions are applied to all models and the 

maximum temperature at the MB in each model are compared to verify the validity of 

the process. In Fig. 3.18(b), the phase shifters, flip-chip bonds and interconnections are 

omitted comparing to the original model in Fig. 3.18(a). Each zig-zag heater is replaced 

by a 13 Õm x 1 Õm rectangle. The current driver remains unchanged - a 5 Õm x 5 Õm 

square. The layers between the heaters and current drivers are hidden in the figure. The 

simulation of the simplified model is purely in the thermal domain. No voltage or 

current boundary condition is applied to the model. Instead, uniform power sources 

with values corresponding to the loading condition are applied to the heater and the 

current driver blocks. In Fig. 3.18(c) and (d), the 5 Õm x 5 Õm current driver and 13 Õm 

x 1 Õm heater blocks are further removed and uniform average power density 

conditions are applied to each whole NPA pixel and control circuit blocks. 
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Fig. 3.18 Simplified 5 x 5 simulation model. The model is gradually step-by-step simplified from (a) to 

(d). 

The simulation is performed by turning more pixels fully on sequentially and 

measured the maximum temperature at the MB. The fully on power of the heater is 4.8 

mW based on the result of pixel with 2 Õm trench thermal insulation. Fig. 3.19 

summarizes the simulation results. The x-axis represents the number of the turned-on 

pixel in the simulation. The maximum temperature at the MB of the simplified models 

is less than the original model in all cases because the metal interconnects and FC bonds 

between the heaters and current drivers are omitted. They provide high thermal 

conductance paths for transferring heat energy from the heaters to the MB directly. 

Nonetheless, the error is small, and the simplification is valid for two main reasons. 

First, the temperature distribution at the MB is dominant by the heat generated locally 

from the current drivers. Neglecting detailed NPA pixel structure and interconnection 

in the simulation model does not affect the MB much. Second, most heat energy from 

the OC still travels upward and raises the temperature at the MB, because the heat sink 

is attached to the MBôs top surface. The maximum temperature is slightly reduced 

because the energy spreads laterally as it goes upward. It results a less concentrated but 
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more uniform temperature profile at the MB.  

 

 

Fig. 3.19 Simplified 5 x 5 model simulation result, (a) MB maximum temperature (b) difference of the 

maximum MB temperature between the original model and the simplified models. 

The errors due to the model simplification are mostly from step a to step b. The 

resulting curves of step b to step d in Fig. 3.19 are almost overlapping, because each 

step only modifies the model of the previous step slightly. The error of the step d is 

about 0.4 ÁC when only one pixel is on. The error increases as more pixels are turned 

on at the beginning but settles between 0.6 ÁC and 0.8 ÁC when most pixels in the 5 x 

5 array are on. As more pixels are on, the lateral heat spread in the MB from each heater 

due to the simplification process are overlapped. This compensates the indirect heat 

transfer effect between the OC and the MB because of not including the metal 

connections in the model and reduces the errors. The result shows that for a large size 

NPA, the error of the maximum MBôs temperature predicted by the model in step d, 

using uniform blocks to model heaters and current drivers does not exceed 1 ÁC. 

The model geometry and the heatersô output power are demonstrated in Fig. 3.20. 

A metal plate (Al) which is larger than the NPA chip is attached to the MB. This is an 

indirect cooling method. The metal plate spreads the heat flux and provides a larger 

surface area where the coolant touches and takes away the heat energy. A convective 

heat flux boundary condition is applied to the top surface with the coefficient being 1 
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W/cm2K or 10 W/cm2K, typical value for force liquid convective and two phase 

convective boiling cooling techniques [107]. In Fig. 3.18(d), a simplification method is 

used to instantiate the pixels and current drivers in the array.  

 

 

Fig. 3.20 Large size NPA (a) model geometry (b) heatersô output power 

To simulate a real case, we use the butterfly picture in Fig. 3.20(b) to assign heat 

sources to the heaters and current drivers. We donôt power all pixels fully on because it 

corresponds to zero phase shifts among all the output beams. The picture is resized to 

match the size of the simulated NPA and inverse Fourier transform is performed to 

obtain the output phase distribution of the NPA. The phase shifts are linearly converted 

to the heatersô output power distribution as shown in Fig. 3.20(b) and the current driversô 

output power distribution is calculated using equation (3.18) and (3.19). Again, the 

maximum temperature at the MB is measured.  

To further reduce the model complexity and speed up the simulation, the pixels 

away from the center are merged so the total number of the elements in the model is 

reduced. This method is validated with the process in Fig. 3.21. The simulation starts 

with a 64 x 64 array. The power sources assigned to the current driver and the 

temperature distribution result are shown in the left-most column in Fig. 3.21. Next, the 

center 32 x 32 pixels are unchanged, and for the remaining pixels, every 4 pixel group 

(a 2 x 2 array) forms a larger equivalent pixel. The average power density of the original 

pixels is assigned to the equivalent pixel. The number of the pixels can be reduced 
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further by having fewer pixels at the center and creating a larger equivalent pixel. For 

example, by having a 16 x 16 array at the center, we can have two layers around the 

center. The first layer consists of 2 x 2 equivalent pixels and the second layer consists 

of 4 x 4 equivalent pixels as shown in the center column of Fig. 3.21. Fig. 3.21 also 

shows that the average power dissipated by the current driver is around 1.2 mW.  

 

Fig. 3.21 Model simplification by merging pixels away from the center (a) and (b) applied heat sources 

at the current driver array (c) temperature distribution at the current driver array 

The simulation results show that the temperature distribution patterns of each case 

is similar, and the maximum temperature is about 91.7 ÁC for all cases. For the rest of 

the simulation, the center array is fixed at 8 x 8 as this is the minimum size of the 

following simulation. The number of the equivalent pixel layer increases as the array 

expands. 

The array size in the simulation starts from 8 x 8 (64 pixels) to 128 x 128 (16,384 

pixels). The other two simulations parameters are the convective heat flux coefficient 

at the heat sink surface, 1 W/cm2K or 10 W/cm2K as mentioned earlier, and the 

thickness of the MB, 300 Õm or 25 Õm. To increase the cooling efficiency, we assume 

the MB chip is thinned down to 25 Õm so the internal thermal resistance is reduced. 

Fig. 3.22 shows that thinning down the wafer reduces the MBôs maximum temperature 

effectively when the array is small. However, one can observe that the slopes of the 

curve with a same heat flux coefficient, but different MB thickness are about the same 
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when the array size is big. The curves of 1 W/cm2K with the MB thinned, and 10 

W/cm2K without the MB being thinned crossover around 7000 total pixels. When the 

array is large, to lower the MBôs temperature effectively, the cooling capability of the 

heater must be increased.  

 

 

Fig. 3.22 Simulation result of maximum temperature at MB vs the number of total pixels with different 

assumed cooling schemes 

In summary, to keep the MBôs temperature below 125 ÁC and prevent the circuit 

from being damaged, the achievable total pixel number is about 9,000 with a 1 W/cm2K 

heat sink and exceeds 128 x 128 (16,384) with a 10 W/ cm2K and thinned MB chip. By 

incorporating slow light mechanism and thermal barriers around the heaters, the power 

required for our TO-based NPA is reduced significantly and the array size with a 

moderate heat sink can be about 9 times greater than the true 2D NPA reported in [43]. 

Larger array sizes are possible with advanced cooling technique which provides direct 

heat extraction from the MB.    

 

3.7 Thermocouple Design 

 To achieve accurate phase control, I designed an integrated heater and 
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thermocouple element to measure the local pixel temperature without any extra 

connection between the OC and the MB. The heater consists of two segments of metal, 

one gold and one nickel. A thin film gold/nickel thermocouple with 10 ÕV/K Seebeck 

coefficient has been reported [76]. However, the Seebeck coefficient may vary with the 

thickness of the metal and the junction size. The design of a thermocouple sample is 

aimed at characterization of the Seebeck coefficient of the thermocouple in our NPA 

pixel using the same metal thickness and a similar junction size. This allows us to 

estimate the range of the feedback signal for driver circuit design. The simulation result 

is presented here. 

 Figure 3.23 shows the top view of our thermocouple testing device. The thin line 

at the center is the thermocouple sample and the width is 1 Õm. A thickness of 10 Õm 

SiO2 is grown beneath the thermocouples and the heaters to minimize the heat loss to 

the substrate. The temperature will be measured directly by an IR camera. Because the 

focus length of the IR cameraôs microscopic lens is only 4 cm, the temperature at the 

testing device must be kept low enough to protect the lens. This limits the output voltage 

we can measure. 

 

 
Fig. 3.23 Design of a thermocouple sample for Seebeck coefficient measurement (a) whole thermocouple 

(b) close-up view at the center 

To reduce the measurement error due to the low level output signal, our testing 
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device consists of 11 thermocouples in series. The output voltage is the sum of the 11 

thermocouplesô response. The heaters are placed next to the thermocouple. The width 

of the heater segments that lie at the center line is reduced to ensure most voltage drop 

occurs at these parts. Voltage is applied to the heaters to increase the temperature at the 

thermocouple junctions along the center line above the ambient temperature. The 

voltage across the entire thermocouple array is recorded. 

A major challenge regarding the temperature measurement is the spatial resolution 

of the IR camera which is 20 Õm/pixel with a microscopic lens so the actual temperature 

at the junction cannot be measured directly. It is worth mentioning that resolving the 

temperature of the fine features of our thermocouple sample is beyond the limit of the 

resolution of any IR camera. To overcome this issue, we control the distance between 

the thermocouple junction and the heater (the parameter L Fig. 3.23(b)) so the junction 

temperature matches the average temperature of a wider area surrounding the junction. 

In the simulation, we evaluate the average temperature of the 20 Õm x 300 Õm rectangle 

area located at the center covering those junctions symmetrically. This corresponds to 

15 pixels of the IR camera and we use the reading of these 15 pixels to estimate the 

junction temperature. 

The simulation result of the temperature distribution with 5 V being applied to the 

heaters is shown in Fig. 3.24(a). Fig. 3.24(b) shows the simulation thermocouple output 

voltage vs the average temperature above ambient temperature with different values of 

the distance L. The voltage applied to the heaters was swept from 0 to 5 V.  

From Fig. 3.24(a), the highest temperature occurs at the heater center segments 

and the temperature of each segment and for each thermocouple junction is about the 

same. Single thermocouple junction response can be calculated by dividing the output 

voltage by 11. The slope of the curves in Fig. 3.24(b) will corresponded to the extracted 
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Seebeck coefficient. The extracted Seebeck coefficients are 9.4 ÕV/K, 9.1 ÕV/K and 

7.7 ÕV/K for L being 1 Õm, 2 Õm and 3 Õm respectively. The results show that the 

distance L affects the extracted result seriously. The actual Seebeck coefficient used in 

the model is 10 ÕV/K. The extracted Seebeck coefficient approaches the ideal value as 

the L, distance between the thermocouple junctions and the heaters, reduces. When the 

distance L is too far, the actual junction temperature is much lower than the measured 

average temperature. As the result, it is important to ensure that the junction temperature 

is close to the average temperature. The sample measurement result will be presented 

in the next chapter 

 

  

(a) (b) 

Fig. 3.24 Thermocouple sample simulation result (a) temperature distribution (b) Thermocouple output 

voltage vs average temperature above ambient of a 20 Õm x 300 Õm area at the center 
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Chapter 4: NPA Driver Circuit Design, Simulation and Layout 

 

 In this chapter, I present the detailed analysis of our NPA driver circuit design. The 

driver circuit realizes a non-continuous feedback mechanism to regulate the phase 

shifter temperature at pixel level resolution. The key points of this chapter are: 

¶ Full disclosure of the driver circuit system design and the broken-loop feedback 

operation overview. 

¶ Description of two distinct realizations (analog and mixed-signal) of the broken-

loop feedback methodology. The pure analog approach meets the circuit area 

constraint: average area is 15 Õm x 15 Õm per pixel, as would be suitable for 

VR applications. The circuit area of the mixed-signal approach slightly exceeds 

the established area constraint but is useful for LIDAR applications. These do 

not require independent phase control for every pixel.    

¶ Design, constraints, layout challenges of meeting space requirement, and post-

layout simulation results of individual circuit components in the driver system. 

¶ System-level circuit layout and post-layout simulation results  

¶ A 2-by-2 driver unit to demonstrate the compact design that fits in the circuit 

area design constraint. 

  

4.1 Driver Circuit Overview 

Figure 4.1 shows the simplified diagram of our driver circuit. The most important 

feature of this circuit is that the system does not require an extra connection between 

the NPA pixel and its driver circuit for temperature (phase) regulation. This is realized 

by using a novel integrated thin film heater/thermocouple device. This brings two major 

advantages. First, the size of a NPA pixel can be small because no extra temperature 

sensing device is needed. Second, it reduces the cost and the area constraint of the 
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heterogeneous integration between the OC and the MB as the number of the 

connections is minimized. 

The resistor in the upper right of the diagram is the integrated thin film 

heater/thermocouple device. The dot at the center of the resistor indicates the presence 

of the thermocouple junction. The driver circuit consists of four stages: sense amplifier, 

comparator, gate driver and current source NMOS. The circuit cycles in two states: 

heating and temperature measuring. In the heating state, the switch S1 is open to break 

the connection between the input of sense amplifier and the heater/thermocouple. The 

gate driver circuit uses the measuring result from the previous cycle to setup the output 

voltage to the gate of current source NMOS. In the temperature measuring state, the 

gate driver pulls its output voltage to ground to turn off the current source NMOS 

completely. The switch S1 is closed and the input voltage of the sense amplifier is VDD 

minus the thermocoupleôs output. The comparator compares the amplified 

thermocoupleôs output with an input control signal. The gate driver uses the digital 

output of the comparator to increase or decrease the gate voltage in the next heating 

cycle. 

 
Fig. 4.1 Simplified driver circuit diagram 

Even the circuit in Fig. 4.1 is simple at the first glance, it is difficult to implement 

the circuit directly in an area of 15 Õm x 15 Õm for matching the size of NPA pixel. 
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Thus, the driver circuit in Fig. 4.1 is modified into two versions for LIDAR NPAs and 

VR NPAs respectively as shown in Fig. 4.2(a) and (b). The idea is to share some 

components among a few neighboring units, so the ñaverageò size of a driver circuit 

unit is below 15 Õm x 15 Õm.  

For beam steering in LIDAR application, independent phase control for all pixels 

is not required. The relative phase differences between two adjacent pixels in the same 

row/column do not vary. If the light travels through all the phase shifters in the same 

row/column successively and is coupled to the antennas after each phase shifter, all 

these phase shifters introduce same amount of phase delay. Therefore, pixels in a same 

row are split into several groups equally. The sense amplifier, comparator and gate 

driver are share among the pixels in the same group. As in Fig. 4.2(a), the gate driver is 

used to control multiple current driver NMOSs in the same group and the feedback 

signal is only sensed from one of the heaters/thermocouples. If the current driver 

NMOSs and the heaters/thermocouples are matched, the phase delays introduced by the 

phase shifters corresponding to those driver units are the same and a constant phase 

shift between two successive pixels in the same row is achieved. In this way, the 

temperature is regulated at the group level to offset the spatial process variations and 

reduce the phase errors. 

 

  

όŀύ                                                                                     όōύ 

Fig. 4.2 Driver circuit diagram for (a) LIDAR NPA and (b) VR NPA 
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Unlike beam steering, there is no specific phase relation between the output beams 

of a NPA for forming a VR scene. To generate any arbitrary scene, the phase shift of 

each pixel must be controlled fully independently. Fig. 4.2(b) shows the diagram of VR 

NPA driver circuit where the sense amplifier and the comparator are shared among four 

driver units. Each current source NMOS has its own dedicated gate driver so that their 

output currents do not depend on the state of the other units sharing a sense amplifier 

and a comparator. The input of the sense amplifier is connected to the thermocouples 

state by the switches S1 to S4 in time-multiplexing fashion.  

The control waveforms of the switches S1 to S4 is shown in Fig. 4.3. The switching 

frequency is 100 kHz with 10 % duty cycle. The switch S1 is closed for 1 Õs, t1, 

connecting its thermocouple output to the sense amplifier and is opened for 9 Õs, t4, 

handing over the sense amplifier to the other units. The gate drivers are synchronized 

with the switch control signals. To prevent the overlapping between the sensing and the 

heating intervals, for example, the current source NMOS connected to the switch S1 is 

turned off and on slightly before and after the t1. Thus, the duty cycle of the heating is 

slightly less than 90 %. Because there are four drivers in a group, the sensing period are 

ˊ/4 out of phase with respect to their following one. The interval between two 

successive sensing periods, t2, is 1.5 Õs. During this period, the sense amplifier keeps 

the output constant for a short amount of time so the following stages can process the 

signal unambiguously and resets itself for the next sensing. It is possible to include 

more driver units in a same group to save more space for implementing more 

sophisticated control algorithm, but it requires shorter period of sensing and resetting.  

 Next, the design of each stage is presented.  
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Fig. 4.3 VR NPA driver switch control timing diagram 

 

4.2 Driver Circuit Design and Simulation 

4.2.1 Heater/Thermocouple SPICE model 

To design the driver circuit, a SPICE model of the heater/thermocouple device is 

needed to run circuit simulations. As stated earlier, the driver circuit system operates in 

two modes with several switches turning on and off, so we are most interested in 

transient simulation. A behavioral SPICE model of heater/thermocouple device which 

characterizes the steady state and transient responses from COMSOL FEM simulation 

is created using Verilog-A. The model has to reflect the temporal temperature change 

at the heater/thermocouple device caused by heating and cooling and generates a 

corresponding thermoelectric output voltage to the sense amplifier. It is important to 

note that the temperature mentioned here is different from the SPICE built-in 

temperature parameter. This built-in parameter is the temperature at the driver circuit 

and sets the simulation parameters of the transistors.  

The schematic of the heater/thermocouple behavioral model is shown in Fig. 4.4. 

The model consists of three parts. The first, left-most, part models the thin-film heater. 

The resistance value of the Rheater is extracted from the FEM simulation steady state 

results. It is a function of VT to simulate the temperature dependence. The V+ is tied to 

power supply, VDD, and V
- is tied to the drain terminal of the current source NMOS. 
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The model calculates the power generated at the heater, POUT, and uses it to evaluate 

the temperature at the heater/thermocouple.  

The RC network in the middle part is used to model the transient temperature 

response. The voltage VT across the capacitor C models the highest temperature at the 

heater which is designed to be at the thermocouple junction. In previous chapter, we 

showed the temperature at both the phase shifter and the heater is almost related to the 

heaterôs output power, so a controlled voltage source of which the value is proportional 

to heaterôs output power POUT is used to charge the capacitor C. In heating mode, the 

current source NMOS draws a current flowing through the heater which generates POUT. 

The controlled voltage source charges the capacitor C through R, simulating the 

transient temperature rise. In sensing mode, the current source NMOS is off so the POUT 

is near zero. The capacitor C is discharged through R and this models the cooling. The 

RC time constant is extracted from the FEM transient simulations. In this model, the 

absolute values of R and C do not matter. One of the values can be assigned arbitrarily 

as long as their product equal to the heating and cooling time constant.  

The last stage is a controlled voltage source with the value being the product of the 

Seebeck coefficient and the thermocouple junction temperature, VT. The output is 

connected to one of the input terminals of the sense amplifier.  

 

Fig. 4.4 Schematic of heater/thermocouple behavioral model 

Figure 4.5 shows the caparison between the simulation results of the heater 

temperature from COMSOL FEM in Fig. 3.17 and Verilog-A behavior models 
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described in Fig. 4.4. The error is acceptable for driver circuit design. The SPICE model 

file can be found in Appendix A.  

 

  
(a) (b) 

Fig. 4.5 Temperature response of the heater Verilog-A model. Heater power dissipation: (a) Fig. 3.17(a) 

and (b) Fig. 3.17(c) 

 

4.2.2 Sense amplifier 

The first stage of the driver circuit is an amplifier. The output voltage of the 

thermocouple is extremely low. The maximum voltage is about 4 mV. This assumes an 

estimated 10 ɛV/K Seebeck coefficient multiplied by 400 K above ambient temperature 

at the junction for 2́  phase shift of the output light. If this signal is used directly, the 

smallest increment value of the control signal also has to be small to distinguish 

different levels of junction temperature. For example, if the control circuit is designed 

to limit the phase error within ˊ/16, the resolution of the control signal has to be at least 

smaller than 125 ɛV. A sense amplifier maps the small thermocouple signal to a signal 

with larger dynamic range so the requirement of the following signal processing circuit 

can be less stringent.  

Another important function of the sense amplifier is to hold the amplified 

thermocouple signal for a short amount of time. The temperature at the heater keeps 

dropping during the sensing mode. If the amplified thermocouple signal also decreases 

continuously during this period, the timing of comparing the amplified thermocouple 
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signal and control signal must be the same exactly in every cycle for consistent results. 

However, in practice, the comparison may take place slightly early/late because of the 

clock uncertainty. The comparison result may be incorrect because the amplified 

thermocouple signal is bigger/smaller than the value at the correct moment. In addition, 

the speed of the comparator has to be fast enough so that the fluctuation of the amplified 

thermocouple signal does not affect the result. These design problems can be solved by 

having the sense amplifier to be able to lock its output. In this way, the comparator is 

less susceptible to timing issues by working with definite input signals.  

Several sense amplifiers exist in the driver system depending on the total number 

of the driver group. It is preferred that the gains of these amplifiers are matched as close 

as possible. Otherwise, the range and the step size of the control signal has to be 

calibrated with respect to the gain of the sense amplifier for each driver group. This 

complicates the design of circuit for generating of control signal. Therefore, the sense 

amplifier itself should contain an internal feedback network to suppress the open-loop 

gain sensitivity to the transistorsô intrinsic parameters, e.g. transconductance gm or 

output resistance for better matching between the driver groups.  

Two possible realizations of the sense amplifier are shown in Fig. 4.6, (a) a 

switched capacitor (SC) sample-and-hold circuit with a fixed gain and (b) a RC 

integrator with an extra switch between the input and the resistor R. The features of 

these two circuit topologies meet all the requirement described above. The gain 

variation among the amplifiers in different group is minimized by using a capacitor-

based feedback network. A controllable definite closed-loop gain can be obtained. In 

addition, as indicated by its name, the operations of a sample-and-hold amplifier 

perfectly matches the natural of the feedback mechanism of our driver circuit which 

also switches between two modes, temperature measuring and heating. 
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όŀύ όōύ 

Fig. 4.6 Schematic of possible topologies of sense amplifiers (a) switched capacitor sample-and-hold (b) 

integrator 

Next, brief descriptions of the working principle of both circuits followed by a 

detailed analysis of the pros and cons of them being in our system, actual circuit 

implementations, design considerations and simulation results are presented. 

During the sampling mode of a sample-and-hold amplifier, the switch S1 and S2 is 

close and S3 is open. The equivalent circuit of the amplifier in this mode is shown in 

Fig. 4.7(a). The voltage of the amplifierôs inverting input and output are at the virtual 

ground because of the negative feedback which is formed by closing the switch S2. The 

left plate of the capacitor C1 is connected to the output of the thermocouple and the 

other plate is connect to the inverting terminal of the amplifier, holding its potential at 

the virtual ground. Thus, the voltage across the capacitor C1 tracks the output voltage 

of the thermocouple.  

 

όŀύ όōύ 

Fig. 4.7 Operation of a sample-and-hold amplifier (a) sampling (b) holding (amplifying) mode 

During the holding (amplifying) mode, the states of the switch S1, S2 and S3 are 

reversed. The capacitor C2 forms a negative feedback loop around the amplifier. The 

voltage across the capacitor C1 at the beginning of the holding mode is the 
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thermocouple output voltage at the time immediately before the switch S1 being open. 

The amplifier provides a current to discharge the capacitor C1 through the switches S3, 

pulling the potential at the left plate of the capacitor C1 to ground. Since same amount 

of current flows through the capacitor C1 and C2, the voltage across C2, which is the 

output voltage of the amplifier, is the ratio of the capacitance of C1 to that of C2 

multiplied by the sampled thermocouple output (Vin) after the C1 is fully discharged. 

Thus, the thermocouple signal is sampled and amplified by a gain, C1/C2, and the output 

voltage is maintained for the comparator as the amplifier can compensate the leakage 

current of C1 and C2.  

It is worth noting here that the ground connected to the non-inverting terminal of 

the amplifier and the capacitor C1 is the small signal ground. This means the DC 

voltages at these two terminals can be different. It is an important property when 

considering the bias point of the amplifier and the voltage level of the thermocouple 

output. It is one of the unique features that differentiate this circuit from the integrator 

sense amplifier and have to be taken into account for deciding the implementation of 

the sense amplifier.  

 The operations of an integrator are shown in Fig. 4.8. In the first stage, the output 

of the amplifier is reset by having the switch S2 to short the capacitor C2. The potential 

of the output and the non-inverting input of the amplifier are at the virtual ground. Next, 

the switch S1 is close and S2 is open. The resistor R converts the thermocouple output 

into a current, charging the capacitor C. The output of the amplifier rises while sensing 

the temperature. The gain depends on the value of the resistor R, the capacitor C, and 

the sampling time. When the sampling is done, the switch S1 is open, leaving the left 

terminal of the resistor R floating. Since no current flows through the capacitor C, the 

output voltage of the amplifier remains constant. After the comparator generates a result 
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for the gate driver, the switch S2 is close again. The integrator is back to the resetting 

mode, clearing the charge in C and preparing for the next temperature measurement. 

 

 

όŀύ όōύ όŎύ 

Fig. 4.8 Operation of an integrator amplifier (a) resetting (b) sampling (c) holding mode 

One of the undesired features of these two design approaches is the noise 

introduced when the switches are turning on and off. The noise can be categorized into 

clock feedthrough and charge injection [111]. Clock feedthrough is the switch control 

signal coupling to the amplifier from the switchesô parasitic capacitor. Charge injection 

happens when the switches turn off. The charges in the channel of the switches transfer 

to the capacitor network. Because the area limitation, the capacitors used in the 

amplifier must be kept small. This makes the capacitors be more sensitive to the 

switching noise and degrades the precision. One way to minimize the error is using 

fully differential operation to cancel the switching noise. 

 Figure 4.9 shows the schematic and layouts in TSMC 28 nm technology of a two-

stage fully-differential sample-and-hold sense amplifier. This design uses core 

transistor with 0.9 V rail voltage. Two common mode feedback (CMFB) circuits, not 

shown in the schematic, provide the gate bias to PMOS current source loads in both the 

first and second stage and define the common mode of the outputs. The common mode 

at the inputs of the core amplifier is the same as that of the outputs because they are 

shorted by the switches during the sampling mode. The common mode at the capacitor 

inputs is VREF. The value of the input voltage, Vin, is the VREF minus the thermocouple 

output. The difference between the common mode at the amplifierôs inputs and the VREF 
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does not change the output common mode during the amplifying mode. Only the 

difference between the Vin and the VREF is amplified. Thus, the common mode of the 

amplifier and the VREF can be chosen independently for design optimization. 

The major drawback of this approach for our driver design is it needs large space. 

Besides two frequency compensation capacitors, CC, the amplifier contains two 

sampling capacitors, C1, and two feedback capacitors, C2. To get a large gain, the ratio 

of C1 to C2 has to be large. This means either C2 has to be small, C1 has to be large or 

both. The minimum effective value of the C2 is limited by the design rule and the 

parasitic components. The actual capacitance of C2 is its nominal design value plus all 

the parasitic capacitors that connect the outputs and the inputs of the amplifier. If the 

nominal value of C2 is comparable to or even smaller than the parasitic components, 

the capacitor C1 has to be made larger to offset the gain reduction due those unwanted 

parasitic components.  

Figure 4.9(b) and (c) shows the layout of the design. The capacitors C1 and C2 are 

hidden in Fig. 4.9(b). Two CMFB circuits are located next to the core amplifier both 

side symmetrically to bias the current source PMOSs in the amplifier. The layout is 

symmetric to the center to cancel layout dependent effects (LDEs) to the transistors. All 

capacitors are implemented using metal-oxide-metal (MOM) capacitor. A MOM 

capacitor is form by interdigitated metal fingers in the same layer. A deeply scale 

technology allows small distance between two parallel metal lines, to high capacitance 

density can be obtained from this type of capacitors. Same MOM capacitor structures 

can be made in different metal layers vertically and be connected in parallel to get a 

large capacitor. 
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(a) 

 

(b) 

 

(c) 

Fig. 4.9 two-stage fully-differential sample-and-hold sense amplifier (a) schematic (b) layout with 

capacitors hidden (c) full layout 
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The compensation capacitors, Cc, contains six metal layers, M1 to M6 while C1 

and C2 only use metal layers from M4 to M6. To get good device matching of C1 and 

C2, C2 is set as the unit capacitor with 6 fingers. The ratio of C1 to C2 is 31 and C1 is 

connected in common centroid style. It is obvious that the upper part of the C1 and C2 

unit capacitor array is on top of the core amplifier in Fig. 4.9(c). Not shown in the figure, 

the comparator and gate driver circuit will be placed beneath the bottom part of the 

capacitor array to fully utilize the space. It is against the generally recommended layout 

rules for analog circuit because noisy signals from the circuit underneath the capacitor 

array would be coupled to the input terminals of the amplifier and worsen the accuracy 

and performance. The issue can be mitigated by placing a grounded metal plate, M3, 

between the capacitor array and the circuit below it. The metal plate shields the 

amplifier from the noisy signals, but it comes with some drawbacks. It introduces extra 

parasitic elements between nodes in the amplifier to the ground which slow down the 

circuit. The M3 metal plate also limits the circuit below it to use only M1 and M2 metal 

layer for routing. This may lead to interconnection congestion and increase the coupling 

parasitic capacitance between the signals.    

The circuit in Fig. 4.9(a) can be modified to a fully differential integrator by 

replacing capacitors C1 with resistors and removing one of the switches connected to 

C1. However, fully differential integrators are not suitable for our driver circuit. Unlike 

using capacitors to sample an input voltage, the difference between the common mode 

voltage at the input terminals of the core amplifier and VREF generates currents flowing 

through the resistors. Therefore, this common mode difference is also integrated by the 

amplifier and experiences a same amount of the integration gain as the desired input. 

Although measuring the output voltage differentially can cancel the output variation, 

the common mode voltage mismatch may drive the output beyond the operation range 
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which reduce the accuracy. Again, the common mode of input terminals of the core 

amplifier is defined by the CMFB circuit and is not related to the VREF. Since the 

thermocouple voltage is small, a small common mode mismatch is enough to saturate 

the output of the integrator. Hence, additional circuit is required to match the common 

mode across the resistors and it may cause the total circuit area exceeds the constraint. 

As a result, single-ended output integrated is used. The positive input terminal of the 

amplifier can be tied to VREF directly. The negative input terminal is virtually shorted 

to VREF by the feedback network, so ideally the common mode voltage across the 

integration resistor is zero.   

Figure 4.10 shows the schematic and the layout in TSMC 65 nm of the single-

ended integrator for our driver circuit design. All transistors are I/O devices with a 2.5 

V voltage rating. The core amplifier is a single-stage cascode amplifier using current 

mirror load. Since the thermocouple output is VDD minus the voltage generated at the 

thermocouple junction, a source follower circuit is needed to shift down the 

thermocouple output for setting the DC bias points of the amplifier properly. The source 

follower also isolates the thermocouple from the integratorôs input. It avoids the loading 

of the thermocouple. The input current to the integrator is provided by the source 

follower, not the thermocouple itself.    

Each switch is formed by two NMOSs. One of the transistors is dummy with its 

source and drain terminals being shorted. The size of the dummy switch is half of the 

size of the actual switch. Their gates are controlled by a pair of complementary signals. 

The function of the dummy switches is the clock feedthrough and charge injection 

cancellation. Complementary switch method for the noise cancellation is not used here 

because PMOS switches result in higher area overhead.  

A dummy switch, S1_Dummy, is inserted between the shifted down VDD and the 
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positive input node of the core amplifier. This switch matches the drain-source voltage 

source drop along the input signal path to further reduced the DC voltage error across 

the integration resistor. The integration resistor is realized by a NMOS operated in 

triode region. This assumption is valid for the entire range of operation because the 

maximum expected input signal is less than 5 mV.  

Both the integration capacitor and the frequency compensation capacitor are 

implemented by metal-insulator-metal (MIM) capacitor. A MIM capacitor utilizes the 

two extra metal layers between the M7 and M8. To obtain large gain, the integration 

capacitor has to be small. Due to the minimum space design rule of the MIM layers, 

two MIM capacitors are connected in series to get the desired capacitance. The node 

where two MIM caps share is tied to a n-plus diffusion region in the layout as shown in 

Fig. 4.10(b). It is a workaround for satisfying the antenna design rule of the MIM device. 

Antenna design rule dictates that the structure of a MIM device must be balanced, i.e. 

if one metal plate is connected to a gate or an active region, the other metal has to be 

connected to a same type of region. Because one node of the MIM capacitors in series 

are connected to the amplifierôs output and input (active region and gate), the center 

node is connected to an n-plus region to form balance structures. This creates a parasitic 

pn junction between this node and the substrate. The voltage at this node is always 

above ground, so this parasitic pn junction is reverse biased all the time. It only 

introduces an equivalent parasitic capacitor to ground and does not affect the function 

of the circuit.  

 The area of the integrator without the MIM capacitors is about 11.5 ɛm by 5.5 ɛm. 

All the NMOSs and PMOSs are enclosed by a p-type and n-type guard ring (substrate 

contact and N-well contact) for better noise and latch-up immunity. The comparator, 

not shown in the Fig. 4.10(b), is to the right of the integrator. The frequency 
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compensation capacitor, CC, is on top of the integrator, and the integration capacitor is 

overlapped with the gate drivers. The design rule forbids M7 to be overlapped with 

MIM bottom plate. Thus, grounded M6 metal plates are used to block the noise from 

the comparator and the gate drivers. The remaining metal layers for routing under the 

overlapped regions are M1 to M5. 

 Next, the effect of the non-ideal core amplifierôs circuit performance, finite gain 

or transconductance is examined. For simplicity, the voltage at the positive input of the 

amplifier is assumed to be VREF, and an input voltage, VREF - Vin, is applied to the 

integration resistor. The current flowing through the integration capacitor is provided 

by the core amplifier. Because of the finite transconductance, a voltage difference 

between the positive and negative input of the core amplifier is required to output the 

current. Assume the voltage difference is æV. The actual current flowing through the 

integration resistor would be 

Ὅ  
Ў Ў

ὫάЎ6     (4.1) 

where gm is the transconductance of the core amplifier. Rewriting equation (4.1), æV 

can be related to the input voltage, Vin, as: 

Ў6 ὠ     (4.2) 

Assuming the integration time is T, the actual integrator output is 

ὠ ᷿ὠ ὸὨὸ     (4.3) 

The output voltage is reduced by a factor  . To minimize the gain reduction, the 

value of gmR should be large. Thus, when using a smaller value of R to achieve a larger 

output voltage by having a smaller product of RC, the value of transconductance gm 

has to be increase accordingly. The result is as expected. Reducing the value of 

integration resistor increases the input current. The input current is supplied by 

perturbing the DC bias current of the amplifier. To keep the same ratio of the input 
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current to the DC bias current, the DC bias current needs to be larger hence a higher 

transconductance gm. 

 The post-layout simulation of the integrator is presented in Fig. 4.11. The post-

layout netlist includes lump and coupling capacitors and transistor parameters for LDEs. 

In Fig. 4.11(a), the input voltage is a constant 2 mV below the VDD. The common mode 

of the amplifierôs inputs and output is set at 1.2 V. The operation frequency of the 

switches is 100 kHz. The switch S1 is on during T1 to perform the integration. The 

switch S2 is off slightly before T1 so the on time of two switches does not overlap. The 

integration time is 1 ɛs. The output voltage increases about linearly because the input 

voltage is constant. During T2, both the switch S1 and S2 are off. The output voltage is 

hold constant for 1 ɛs, giving the following comparator and gate driver enough response 

time. During T3, the switch S2 is on, shorting the output and the negative input node. 

The integrator capacitor is fully discharged. The reset is finished instantaneously. It is 

obviously that three more integration operations can be fit in T3 so this integrator can 

be share between four driver units as discussed before.  

The output voltage as a function of input voltage being constant from 0.5 mV to 5 

mV below VDD is shown in Fig. 4.11(b). The curve is nearly linear for input voltage 

less than 3 mV and begins to saturate above 3 mV. This is because the output voltage is 

so high that the current source PMOSs enter the triode region. The voltage at the 

negative input node starts to deviate from the virtual ground potential. The output 

current is reduced and less charges are stored in the capacitor during the integration. 

The actual thermocouple output is not constant but falls rapidly. Again, the expected 

maximum voltage is less than 5 mV. Therefore, the output voltage saturation will not 

happen when an actual input is used.  
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(a) 

 

(b) 

Fig. 4.10 Single-ended output integrator amplifier (a) schematic (b) layout 

 

 

 
 
 
 

 

(a) (b) 

Fig. 4.11 Post-layout simulation results of the integrator sense amplifier 
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Two circuit implementations of the sense amplifier used in the driver circuit were 

demonstrated. The major advantage of the sample-and-hold amplifier approach is that 

the switching noise can be suppressed by fully differential operation without having to 

match the common mode of thermocoupleôs output and the input terminals of the core 

amplifier. There are two drawbacks of this approach. First, the number of the required 

capacitor is doubled for differential operation. The physical size of a unit capacitor must 

be small so a large number of unit capacitors can be fit in the allowable space to achieve 

a high gain. Thus, the design has to be realized by a deeply scale technology. Second, 

a unique characteristic of the input from thermocouple is that it decays rapidly in the 

sensing mode of the driver circuit because the temperature at the thermocouple junction 

decreases when no electric current flow through the heater. To fully utilize the range of 

the thermocouple output, the sampling should take place immediately after the driver 

circuit leaves the heating mode. However, a short period is required for the sampling 

capacitor to track the thermocoupleôs output voltage. The available sampled value is 

lower than the peak voltage when the driver circuit changes states. Moreover, the 

uncertainty of the switches closing time affects the measurement accuracy because the 

input is not stable. 

The single-ended integrator approach suffers more from the switching noise but 

requires less space. The entire range of the thermocoupleôs output can be utilized 

because the resistor can respond instantly. The integrator samples the input for a fixed 

interval and the input has fallen to a smaller value when the switch is turned off at the 

end of the sampling period. Therefore, the switch uncertainty has less influence on the 

measurement accuracy.  

Another major disadvantage of the integrator approach is using a MOSFET in deep 

triode region to simulate a resistor. The amplifierôs gain is more susceptible to the 
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process variations and calibration is required to cancel the gain error.  

Since our driver circuit is fabricated using 65 nm technology, the integrator 

amplifier is chosen for implementing the sense amplifier because of less required circuit 

area. Nonetheless, the sample-and-hold amplifier approach is better for noise immunity 

and achieving process independent gain. It can be realized in more advanced 

semiconductor technology such as 28 nm or below. 

 

4.2.3 Comparator 

 After the temperature signal from the thermocouple is measured and amplified, 

the next step is to adjust the current flowing through the heater according to the 

difference between this signal and a reference control signal like any other feedback 

system. As a result, a straightforward way to accomplish the task is to use a feedback 

system as in Fig. 4.12. The circuit in Fig. 4.12 is similar to the one in Fig. 4.1 but it 

contains only three stages without a gate driver. The error amplifier in Fig. 4.12 drives 

the NMOS current source directly. When the temperature at the heater is less than the 

desired value, the output of the sense amplifier is smaller than the control reference, 

Vctrl, the output voltage of the error amplifier, Verror, is increased and the NMOS current 

source draws more current to raise the heaterôs temperature, and vice versa. Ideally, if 

the gain of the error amplifier is large and the feedback loop is stable, the amplified 

thermocouple signal will be close to Vctrl which means the heaterôs temperature reaches 

the target value.  
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Fig. 4.12 Driver control circuit without gate driver 

The simulation result of the amplified feedback signal at different values of the 

control signal of a driver system in Fig. 4.12 is shown in Fig. 4.13. The output of the 

sense amplifier in the simulation is a differential signal so as the control signal. The 

switching frequency is boost to 2 MHz and the heating duty cycle is 80%. It is obviously 

that the amplified signal is not close to the control signal. For the control signal being 

60 mV or 80 mV, the amplified feedback signal only meets the control signal every 

three cycles at equilibrium. The error is big for the rest of time. For a larger value of 

control signal, 100 mV or 120 mV, the amplified feedback signal is not close to the 

target at any time. The polarity of the amplified feedback signal with respect to the 

target switches at every cycle.  

In all cases, the control loop regulates the ñaverageò of the amplified feedback 

signal instead of the signal itself to the desired value. It is because the control loop is 

not closed all the time but is broken during the heating mode. The control loop is not 

able to adjust the current to respond to the temperature at the heater instantaneously in 

the heating mode. A large difference between the feedback and the control signal results 

in overheating. The current source is turned off too hard in the following cycle, so the 

temperature falls far below the target value and the entire process is repeated.  

This control fashion causes high temperature fluctuation. A possible way to reduce 
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the ripple is to increase the switching frequency so the feedback loop can respond 

earlier to prevent the overheating or the overcooling. To maintain the same heating 

capability, the heat duty cycle has to be the same. This means the sampling time 

decreases as the switching frequency increases. Therefore, increasing the switching 

frequency not only leads to a higher power loss, the switching loss of the current source, 

but also introduces design challenges because of the shorter sampling time.   

Another reason that a standard error amplifier is not suitable for our driver system 

is it does not hold a constant output voltage with the input being floated. In the heating, 

in order to have the NMOS current source to supply a steady current mode, a constant 

voltage difference between the two input terminals of the error amplifierôs must be 

presented. The sense amplifier needs to maintain its output for the entire heating cycle 

so it cannot be shared among different driver units by time-multiplexing. Each driver 

unit needs a dedicated sense amplifier and error amplifier so the entire system cannot 

be fitted into the allowable space.  

 

  

  

Fig. 4.13 Simulation result of the voltage of amplified feedback signal at different level of control signal 
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To solve the above design challenges, our system uses a comparator to test the 

amplified feedback signal against the control reference. The comparator generates a 

digital signal which is the input of a gate driver circuit. The gate driver updates its state 

by evaluating the comparatorôs output at some specific time frame and its output remain 

unchanged for the rest of the time. The output of the gate driver changes gradually in 

each state transition so the temperature ripple can be minimized. The gate driver only 

reads the result of the comparator at a particular interval, multiple gate drivers can be 

controlled by a same sense amplifier and comparator consecutively. 

The comparator consists of three stages as shown in Fig. 4.14. The first stage is a 

differential pair with diode-connected, MP1 and MP4, and cross-couple MP2 and MP3, 

loads. Loads MP2 and MP3 create a positive feedback to speed up the output transition. 

The small-signal output impedances of the MP2 and MP3 are negative. A special case 

happens when (MP1, MP4) and (MP2, MP3) are match. The small-signal output 

impedances of (MP1, MP4) and (MP2, MP3) are equal in magnitude but opposite in sign, 

so they cancel each other out. The total equivalent output impedance of the load 

becomes infinity. The small-signal voltage gain of the first stage reaches a maximum 

value, depending on the transconductance and the output impedance of the input NMOS 

transistors.  

 

 
Fig. 4.14 Schematic of the comparator used in the driver circuit 
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A common problem of comparators is the stability issue. The output may oscillate 

because of the high gain and the signal coupling between the input nodes and the 

outputs by unwanted parasitic elements. For our driver circuit, the devices and 

interconnections are placed tightly together to fulfill the space requirement. It is 

impossible to eliminate all the parasitic signal paths between the comparatorôs outputs 

and Vin. When the integrator switches from the integration to holding mode, its output 

experiences a drop because of the switching noise as shown in Fig. 4.11. If the drop 

crosses the comparison threshold, VREF in Fig. 4.14, and the final value of the 

integratorôs output is very close to VREF, the comparator changes the state and large 

voltage swings at its outputs are coupled back to the integratorôs output which increases 

slightly and across VREF. This forces the comparator to transit to the opposite direction. 

The above coupling is repeated in the opposite direction endlessly, so the integratorôs 

output varies around VREF, making the comparator oscillate. Introducing hysteresis to 

the comparator can solve this problem. Therefore, instead of matching (MP1, MP4) and 

(MP2, MP3) to maximize the voltage gain of the first stage, the width-to-length ratio of 

(MP2, MP3) is made larger than that of (MP1, MP4).  

 The outputs of the first stage are hard to be pulled low because of the diode-

connected loads unless the bias current is large which results in high power 

consumption and large transistor width of MN1 or channel length of MP1 to MP4 is long. 

Both cases require large circuit area. The first stage generates a differential output 

feeding to the second stage which is a differential pair with current mirror load. The 

second stage provides additional voltage gain, and its output can be low enough to have 

the output of the inverter MN7 and MP7 be high without large circuit area or bias current. 

The inverter MN7 and MP7 generates a digital output at voltage level VDD1 and is 

followed by successive inverters which can be operated at different voltage level, VDD2. 
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The last two inverters provide level-shifted complimentary outputs for the gate driver. 

 Post-layout simulation results are shown in Fig. 4.15. The threshold voltage VREF 

is held at 1.3 V and the input voltage VIN is swept between 1.28 V and 1.32 V for both 

directions. The comparator switches the state when VIN is 5 mV above/below VREF in 

upward/downward transition, so the maximum voltage variation tolerance at VIN is 5 

mV for the worst-case scenario. The output low voltage of the first stage is about 1.43 

V which is not low enough to turn off the NMOS in an inverter. The differential output 

voltage of the first stage is more than 330 mV if VIN deviates from the equilibrium more 

than 0.3 ɛV and it is large enough to saturate the second stage differential pair. The 

output low voltage of the second stage is lowered to 630 mV and a clean digital output 

is produced at the final output of the comparator. The hysteresis does not deteriorate the 

circuit precision. As the output voltage of the integrator drops when the integration is 

finished and the amount of the voltage drop is larger than the hysteresis range, 10mV, 

the comparison threshold is the lower limit of the hysteresis. Thus, the hysteresis only 

adds a constant offset to VREF and the effect can be compensated easily.  

 

 

(a) 

 

(b) 

Fig. 4.15 Post-layout simulation results of the comparator 
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4.2.4 Gate Driver 

 The gate driver provides a bias voltage to the gate of the current source NMOS to 

control the heating current. It has two key functions. First, it gradually adjusts the 

heating current based on the measured temperature signal from the previous cycle to 

avoid abrupt temperature variations due to over or insufficient heating. Second, it 

maintains a steady gate control voltage without needing a continuous input signal from 

the comparator, so the integrator and the comparator can be used by the other driver 

units. The gate driver circuit is realized by two opposite approaches, digital and analog. 

They are tailored to meet the circuit area constraint for the LIDAR and VR driver 

systems in Fig. 4.2 respectively.  

 

4.2.4.1 Digital Gate Driver 

 The digital implementation uses a counter to represent the state of the current 

driver. The current source for the digital gate driver is formed by an array of small unit 

transistors. The gate voltage of each unit transistor is either at ground or VDD, and the 

counter determines how many unit transistors are on. The counter is either incremented 

or decremented by one every cycle based on the comparatorôs output. To save the circuit 

area, the design is simplified so the clock signal is not gated. The counter never stops 

updating but switches between two consecutive states when the temperature at the 

heater approaches the target value. More sophisticated and efficient update algorithm 

is possible, but the circuit will occupy more area. The unit transistors are binary encoded 

in our design. A major advantage of using a counter to represent the state of current 

source is that different encoding for compensating the nonlinearity relationship between 

the control refence voltage and the heater temperature can be easily implemented if 

needed.  

 Core transistors can be used to realize the counter, so the digital gate driver design 
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can fully take advantage of the minimum devices offered from submicron process nodes. 

The size of the counter can be further scaled down with future advanced nano-

semiconductor technologies effortlessly. However, level shifter circuits are required to 

boost the counterôs outputs to I/O voltage level to fully turn on the current source 

transistors. Moreover, the design rules demand the transistors of the counter to be 

surrounded by guard rings. The drain terminals of the current source NMOS array are 

connected to an I/O pad and are called OD injectors. To comply with the rules for latch-

up prevention, transistors located within 20 ɛm from OD injectors have to be 

surrounded by guard rings. This distance is bigger than the average size of control driver 

unit, so all transistors need to be placed in guard rings. It introduces a significant area 

overhead, especially for the counter using core devices. Other latch-up prevention rules 

require a minimum spacing between PMOS transistors and the current source NMOS 

array. Special device placement must be taken to minimize the size of the circuit layout. 

Because of the latch-up design rules, it is difficult for our VR driver with four units in 

a group to meet the space specification using 65 nm technology. This will be shown in 

more details when the layout of the counter is presented.     

 Each bit of the counter is represented by a master-slave J-K flip-flop as shown in 

Fig. 4.16(a). Because the internal propagation delays of the logic gates are extremely 

short, the edge-triggered pulse has to be short and precise to avoid the race condition 

and assure the functional correctness for gated latch flip-flops. To circumvent the issues 

caused by the edge-triggered pulse uncertainty, the master-slave implementation is used 

at the expense of more space. 

The inputs J and K of the flip-flops are tied together, so the outputs of each flip-

flop switch or remain unchanged if the input is 1 or 0. The outputs of a flip-flop 

representing bit n, Qn and ~Qn, need to switch when the counter counts up/down and 
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the state of bit 0 to bit n-1 are all 1s/0s respectively. The input of the bit n flip-flop does 

not depend on its current state but the output of all its previous bits and the comparatorôs 

output and can be written as: 

ὍὲὴόὸὗǪὗȣǪὗ ǪὟὖȿ ͯ ὗǪͯ ὗȣǪͯ ὗ ǪὈὕὡὔ (4.4) 

where UP and DOWN are the commands from the comparatorôs complimentary outputs 

for n > 0.  

 

 

(a) 

 

(b) 

 

(c) 

Fig. 4.16 Schematic of counterôs components (a) master-slave J-K flip-flop (b) and (c) intermediate stage 

to determine the flip-flopsô inputs. 

The input of the first flip-flip, bit 0, is connected to VDD, as this bit flips every 
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cycle for both counting up and down cases. A straightforward way to implement 

equation (4.4) is to use two n-input AND gates and one 2-bit OR gate. The n-input AND 

gates can be replaced by 2-input AND gates to reduce the gate count by reusing the 

intermediate results of setting the input of the preceding flip-flop. Thus, for a circuit 

expressing the equation (4.4) for the bit-n flip-flop, it receives the outputs of the bit-(n-

1) flip-flop, Qn-1 and Qn, and intermediate results of the bit-(n-1) flip-flopôs input setting 

circuit, (Q0&Q1éQn-2&UP) and (~Q0&~Q1é~Qn-2&DOWN). It generates three 

outputs, one for the input of bit-n flip-flop, and two signals, (Q0&Q1éQn-1&UP) and 

(~Q0&~Q1é~Qn-1&DOWN) to determine the input of bit-(n+1) flip-flop. 

Although all the flip-flopsô input can be expressed as equation (4.4), odd and even 

bits of flip-flops are implementing differently using the circuit in Fig. 4.16(b) and (c) 

respectively because standard CMOS logic gates circuit only offer inverting functions. 

Three NAND gates in Fig. 4.16(b) can express equation (4.4) but the intermediate 

results are inverted. Therefore, the logic circuit for the following stage uses three NOR 

gates and one inverter to accommodate the inverted intermediate results from the 

previous stage.  

To ensure the functional correctness, when the counter is updated, the outputs of 

flip-flop bit-0 to bit-(n-1) have to be hold constant before the flip-flop bit-n latch its 

input. If single stage gated latch flip-flops are used and the internal delay is short, the 

clock pulse needs to arrive to the flip-flops in the sequence from the most significant 

bit (MSB) to the least significant big (LSB) to prevent race conditions. Violating this 

rule may cause a flip-flop latches an incorrect value because one or more of the previous 

flip-flops update their outputs too early. This again justifies the extra circuit space from 

using master-slave flip-flop for relaxing the timing constraints. 

 The major challenge of the counter design is to minimize the space occupied. 
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Logic gates from the standard cell library IP and automatic placement and routing are 

not suitable for creating the layout of the counter because these tools can hardly 

optimize the layout based on our unique design limitations and introduce huge area 

overhead. The layout of the counter is created manually for circuit area optimization.  

 Figure 4.17 shows the layout of a master-slave J-K flip flop with and without guard 

ring. The layers above M2 are hidden for clarity. In both layouts, all transistors are 

abutted at least on one side to share their source or drain terminals to save area and 

reduce the overhead of spacing between active regions in horizontal direction. The flip-

flip consists of two rows of NAND gates as in Fig. 4.16(a). Intuitively, the simplest way 

of the transistors placement is to follow the schematic, having two rows of NAND gates 

and connecting the gates of NMOS and PMOS pairs of those NAND gates with poly 

line directly as in Fig. 4.17(a). The vertical distance between the NMOSs and PMOSs 

in a same NAND gate is longer than the sum of the minimum distance between a N-

well and N-type active regions and the minimum N-well enclosure for P-type active 

regions required by the design rules. Thus, the design rules do not introduce area 

overhead at these regions as they are fully utilized for placing horizontal 

interconnection metal lines. 

 However, the transistors in Fig. 4.17(a) are not surrounded by any guard ring so it 

cannot be placed within 20 ɛm next to the driver current source. The vertical ploy lines 

forbid horizontal substrate and N-well contacts to be placed between the NMOS and 

PMOS pairs and closed contacts cannot be formed around the NMOSs and PMOSs. To 

form guard rings, the gates of the transistors in NAND gates are connected by metal 

layers instead and one end of each gate needs to be expanded to have a poly contact as 

demonstrated in Fig. 4.17(b). Instead of having a symmetric devices placement for the 

two rows of NAND gates with respect to the horizontal axis, having one NMOS cluster 
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at the center and two PMOS clusters at the top and bottom or vice versa, only one 

NMOS cluster and one PMOS cluster are used to minimize the number of guard rings 

so the area overhead. This arrangement requires that the gates and drains of the inner 

NMOSs and PMOSs of the first row of NAND gates are connected by M2 layer and 

the gates and drains of the outer NMOSs and PMOSs of the second row of NAND gates 

are connected by M4 layer. Hence, two rows of NAND gates are not match and plenty 

of parasitic capacitors are formed because of the overlap between the M2 and M4 

vertical connections. Fortunately, the circuit is digital and does not operate at ultra-high 

speed so these non-ideal effects on performance are negligible.    

 

 

 

(a) (b) 

Fig. 4.17 Layout of a J-K flip-flop in Fig. 4.15 (a) without (b)with guard ring. The transistors in the blue 

rectangles are PMOSs (labeled 1 and 4 in (a) and labeled 1,4 in (b)) and the transistors in the green 

rectangles are NMOSs (labeled 2 and 3 in (a) and labeled 2,3 in (b)). The transistors in (a) have to be 

rearranged as shown in (b) so they can be surrounded by guard rings (the two outermost red rectangles 

in (b))   

 Using M4 layer is not as easy as it seems because of the design rules. The design 

rules of an advanced technology such as 65 nm in our case specifies the minimum area 

for each metal piece depending on the metal layer. For example, the M1 rectangles 
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covering contacts and VIA1s in Fig. 4.17(b) are larger than the area to satisfy the 

minimum enclosure rule of a single contact or VIA1. The M4 connecting lines do not 

cause problems because they are long. The difficulty lies in the placement of the metal 

pieces and vias connecting the poly gates and M4 lines. In addition, the minimum 

spacing rule of metal and via layers which is not a single number for most older 

microscale technologies but varies with the dimension of the metal pieces and the local 

metal density further increases the complexity of the placement and routing of the 

interconnections. As stated earlier, the layout has to be drawn manually to minimize the 

total circuit area and to comply with all the design rules at the same time.  

 Comparing Fig. 4.17(a) and (b), even a thick substrate contact strap is at the center 

in Fig. 4.17(a), it is obvious that the height of the circuit with guard ring is longer than 

that of the circuit without guard ring. Fig. 4.18 shows the layout of circuits for setting 

the input of flip-flop in Fig. 4.16(b) and (c). All metal layers used in the layout are 

shown. The circuit in Fig. 4.18(a) has three NAND gates, with two empty spaces near 

the top-left and bottom-left corner. It is possible to utilize these spaces by putting two 

of these circuits together, but the interconnection congestion would be worsened 

because the device placement in the layout does not follow the bit sequence of the 

counter. There is no empty space in Fig. 4.18(b) because the circuit in Fig. 4.16(c) 

contains one more inverter.  

 A simple four-transistor latch is used to shift the voltage level of the counterôs 

output from the core voltage (1 V) to the I/O voltage (2.5 V) as in Fig. 4.19(a). The 

drawback of this circuit is the asymmetric gate overdrive voltage of NMOS and PMOS. 

For example, at the moment of VIN rising from 0 V to 1 V, MP1 is fully on and its 

overdrive voltage is 2.5 V minus a threshold voltage while the overdrive voltage of MN1 

is much lower, 1 V minus a threshold voltage. During transitions, MN1 and MP1 fight 
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against with each other in pulling the voltage at their common drain node low. The W/L 

ratio of MN1 must be larger enough so that during transitions the drain current of MN1 

can be higher than that of MP1. If the W/L ratio of MN1 is not big enough, two cases may 

happen. First, the output of the level-shifter may be stuck in an intermediate undefined 

voltage level because MN1 cannot pull down the gate voltage of MP2 low enough to shut 

down MP1. Second, transition time is long, so the switching power loss is large.  

 

  

(a) (b) 

Fig. 4.18 Layout of circuits in Fig. 4.15 (b) and (c) with guard ring (a) three NAND gates (b) three NOR 

gates and an inverter  

A single switch, MS1 and a complementary switch, MS2N and MS2P control the 

voltage at the gate of a driver current source. In the temperature sensing mode, MS1 

connect the gate to ground to fully shut down the current source so the voltage at the 

thermocouple junction can be measured. MS2N and MS2P are off to break the connection 

between the level shifter and current driver. It prevents the output of the level shifter 
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being pulled to ground when VIN is high. In the heating mode, switch MS1 is off and 

MS2N and MS2P are on. The voltage at the gate of the driver current source depends on 

the output of the level shifter. Because the output of the level shifter is either 0 V or 2.5 

V, a complimentary switch is used to minimize the switch voltage drop for both cases.  

 

 

(a) 

 

(b) 

Fig. 4.19 Level-shifter and switches for driving the gate of driver current source (a) schematic (b) layout 

Figure 4.19(b) which is rotated by 90Á show the layout of the circuit in Fig. 4.19(a). 

The level shifter and switch MS2N and MS2P are on the left. As shown in the figure, the 

width of the NMOSs in the level shifter is three times longer than that of the PMOSs. 

Three switches, MS1s, for three different bits are on the right. 

 A trial layout of a control driver group with four units for VR applications is shown 
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in Fig. 4.20. The sense amplifier and comparator are located at the center. Four units of 

Level-shifter and 6-bit counter are above and below the sense amplifier and comparator 

and each side contains two units. Two units of level shifters are placed alternatively 

along a row to match the width of a 6-bit counter and minimize the distance between 

the outputs of the counters and their corresponding level shiftersô inputs. The width of 

the 6-bit counter is 24.5 ɛm and the driver current source arrays fill the remaining width 

of two pixels, 5.5 ɛm. Binary encoding of 6-bit can control 63 unit transistors, so each 

array driver current source consists of 4-by-16 transistors with one dummy. Additional 

four arrays belonging to the adjacent driver groups are placed on sides to simulate the 

edge effect of an actual bigger control driver circuit. Because of the LDEs, the 

characteristic of drain current vs gate-to-source voltage of each unit transistor varies. 

To minimize the output current variations of each counter step, transistors with current 

characteristic higher and smaller the average value are grouped to form a higher order 

bit. This increases the routing density between the level-shifters and the current source 

unit transistors. 

 The size of the layout is exactly the total area of 4 NPA pixels, 30 ɛm-by-30 ɛm, 

but the internal devices are not surrounded by guard rings, so the design cannot pass 

the design rules for latch-up. The height of the two-counter cluster at the top and bottom 

is 6.6 ɛm. The height is increased to 7.7 ɛm if the design with guard ring in Fig. 4.17(b) 

is used. Thus, a layout which includes guard rings in the counters exceeds the length 

restriction by at least 2.2 ɛm and this number will be larger if guard rings are also added 

to the level-shifters. The layout in Fig. 4.20 also violates the rule of the spacing between 

the internal PMOSs and n-type OD injectors. The PMOSs in the counters and level-

shifters are highlighted in red rectangles. The PMOSs near the left and right boundary 

of the red rectangles are too close to the array of current source NMOSs which are 
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connected to I/O pads. Therefore, the placement must be rearranged to increase the 

distance between the internal PMOSs and current source NMOSs without adding more 

area overhead. 

 

 

Fig. 4.20 A trial layout of a 2-by-2 control driver group without guard ring 

 

Figure 4.21 shows a trial layout of a single driver unit using the TSMC 28nm 

technology node. The circuit area is about 12 Õm x 12 Õm. Unlike the circuit topology 

of the Fig. 4.20, by taking the advantage of small feature size in 28 nm, this driver 

control unit can have its own dedicated sense amplifier and comparator and still meet 

the design area constraint. However, the current driver MOSFET array is implemented 

by 0.9 V core transistors. Although a further design optimization step of replacing core 
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transistors with I/O transistors at the current driver MOSFET is needed to improve the 

power efficiency, this trail layout shows that the proposed mixed-signal gate driver 

design can meet the circuit area constraint by shrinking the digital counter with a more 

advance technology node.  

 

 
Fig. 4.21 A trial layout of a single control driver group without guard ring in TSMC 28nm node. The 

circuit area is about 12 Õm x 12 Õm. 

To sum up, the mixed-signal approach for implementing a VR NPA driver group 

with 4 units in 65 nm technology cannot meet the area requirement. This method is 

suitable for LIDAR driver because only one counter and one set of level-shifters are 

required. Other solutions for applying mixed-signal method in a VR NPA driver design 

include using more advanced technology so the size of counter can be reduced as shown 

in Fig. 4.21 or having more units sharing the sense amplifier and comparator. Both 

solutions provide extra room for guard rings and rearranging the placement of the I/O 

current source NMOSs. 

 
















































































































































