ABSTRACT

CHAUHAN, VIKAS. Code Modulated Interferometric Imaging System using Phased Arrays.
(Under the direction of Brian A. Floyd.)

Millimeter-wave (mm-wave) imaging provides compelling capabilities for security
screening, navigation, and bio-medical applications. Traditional scanned or focal-plane
mm-wave imagers are bulky and costly. In contrast, phased-array hardware developed for
mass-market wireless communications and automotive radar promise to be extremely low
cost. This work presents techniques which can allow low-cost phased-array receivers to
be reconfigured or re-purposed as interferometric imagers, removing the need for cus-
tom hardware and thereby reducing cost. Since traditional phased arrays power combine
incoming signals prior to digitization, orthogonal code-modulation is applied to each
incoming signal using phase shifters within each front-end and two-bit codes. These code-
modulated signals can then be combined and processed coherently through a shared
hardware path. Once digitized, visibility functions can be recovered through squaring and
code-demultiplexing operations. Provided that codes are selected such that the product of
two orthogonal codes is a third unique and orthogonal code, it is possible to demultiplex
complex visibility functions directly. As such, the proposed system modulates incoming
signals but demodulates desired correlations.

Firstly, we present the operation of the system, a validation of its operation using be-
havioral models of a traditional phased array and a benchmarking of the code-modulated
interferometer against traditional interferometer using simulation results and sensitivity
analysis. Secondly, for the proof of concept with a prototype, we present a simple CMI sys-
tem operating in the license-free 60-GHz band using a four-element phased-array receiver

developed for IEEE 802.11ad (WiGig) and packaged with compact antenna structures. The



four-element 60-GHz phased array chip is wire-bonded onto a Rogers-5880 substrate board
with on-board slot antennas, and a single 60-GHz output is measured using a power detec-
tor. This scalar measurement is then demodulated to obtain the interferometric visibilities.
The four-element phased array is thinned to obtain a 13-pixel image and the system is
demonstrated through a point-source detected at different locations.

Finally, the operation and capabilities of code-modulated interferometry (CMI) are
demonstrated at 10-GHz using commercially-available phased arrays. A 33-pixel, eight-
element prototype is created using two commercially-available ADAR1000 phased-array
receivers from Analog Devices Inc. The chips are connected at board level to a patch antenna
array. The serial interface is used to apply codes whereas the on-chip power detector and
data converter are used for direct read out of the composite code-multiplexed imaging
data. These are then processed off-line in MATLAB to reconstruct the image. The 33-pixel
camera is demonstrated in hardware for point-source detection. Further to demonstrate
the scalability of the concept, a 16-element, 169-pixels CMI imaging system is presented at
10-GHz using the four of the same commercially-available phased arrays from ADI. Two

active point sources are imaged simultaneously to present the resolution of the system.
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CHAPTER

INTRODUCTION

Millimeter-wave (mm-wave) energy can penetrate clothing, bandages, packages, fog, and
dust/ snow storms due to their small wavelength. As such, mm-wave cameras operating in

the range of 30-300 GHz can be used for numerous applications, including the following:

» Concealed Object Detection: Millimeter-waves go through clothing and are used in
security portals at airports,courthouses, etc., to detect objects hidden on the body
(weapons, drugs, smuggled goods) [Hug97]. The key need today is a lower cost solution
which still provides necessary performance ( i.e., resolution, sensitivity). Lower-cost

cameras (<$1Kk) could enlarge the market to include schools, shopping centers, train




stations, prisons, etc.

« Aircraft Navigation: Millimeter-waves penetrate clouds and dust storms and can be
used to improve visibility in poor conditions (e.g., helicopter detecting power lines
through a dust storm). Key requirements for a camera mounted on an aircraft are to

reduce size and weight (no lens). Interferometers are ideal for this application  [Per07].

« Imaging from UAVs: UAVs or drones represents an emerging market, where mm-wave
imaging could provide unique sensing capabilities, particularly if the imager can

double as a radar or radio system.

e Biomedical: Millimeter-waves may also be used for biomedical imaging. For exam-
ple, it may be possible to image through bandages to monitor the healing of dry
wounds such as burns without removing the bandage. Millimeter-wave cameras
could also measure skin temperature through clothing and allow for diagnosis of
conditions related to poor circulation such as compartment syndrome or over- or
under-resuscitation. High sensitivity and small cameras are required. These could be

deployed to hospitals and doctors' of ces.

* Quality-Control: Millimeter-waves can penetrate certain types of packaging material
and a camera could be used to provide quality control within a manufacturing line to

assess the condition or presence of a product.

» Wireless Clothes Fitting: Millimeter-wave cameras provide an ability to see through
clothes and remotely measure a person’s size for use in clothing stores. Key needs

would include privacy and low system cost.

The imaging systems that work with ambient mm-wave energy are called passive im-

agers|[Int]; other systems require external mm-wave illumination and are called active



imagers [ThoO06]. Every object above the absolute zero temperature emits radiation, called
as black body radiation or thermal radiation that carry intrinsic information about the body
and can be used for imaging. Since the passive imaging is non-intrusive and non-invasive, it
is considered a safe way of inspection. Such an inspection is preferred at mm-wave frequen-
cies (94 GHz [Ton15] or higher) for high resolution. Millimeter-wave imagers are widely
used at airports for security screening [TSAb; TSAJ. Due to all the above listed applications
and advantages, there is an increasing interest in mm-wave imaging systems.

A variety of mm-wave imaging systems have been developed to date [Yuj06; Yeoll,;
Let03; Dow96; She01; Lyo; Ahm; Kol05; Mil; Sin01; Sat09; Int]. Existing passive mm-wave
imagers are able to achieve a sensitivity as low as 0.28 K [Sin01], as well as a frame rate
as high as 10-17 frames per second [Yuj06; VDO06; Miz05]. Many of these use mechanical
scanning [Kol05; Mil; Sin01; Sat09], mirrors for scanning [VDO06; Yuj06], electronic beam
forming and scanning or focal-plane arrays (FPA). These cameras can be bulky due to
the use of an external lens [Miz05; Sat09] and expensive due to the reliance on custom
compound-semiconductor hardware for scanned solutions  [Uzul3; MR10a] or the need
for a large number of detecting elements in FPA solutions. Also, any kind of mechanical or
electronic scanning may slow down the system making it unsuitable for video frame rates.

An alternative approach which has the potential to reduce both camera volume and
camera cost is to shift to interferometry. Interferometry or synthetic aperture radiometer
(SAR)[Tho08; HAOO; Nar96] eliminates the need for a lens since angle-of-arrival informa-
tion is obtained through complex correlations or visibilities. Furthermore, the number of
required elements is reduced, since N elements can be used to obtain N C, correlations. A
drawback of interferometry is the more complicated image processing arising from the
need to determine all pairwise complex correlations and compute the Fourier transform.

Because of this, the ideal technology for realizing an interferometer would be one having



both high-performance mm-wave transistors and dense low-power digital computation
[Per07]. These requirements can now be met in today's advanced silicon technologies, e.g,
130-nm SiGe BICMOS, 65-nm CMOS and beyond, which feature transistors having f; and
fuax in excess of 200 GHz.

While it is possible to develop a highly-integrated mm-wave interferometer in silicon,
such a customized circuit would require non-negligible development costs. Also, if the total
mm-wave camera market volume remains low, the unit cost would remain high. The low
cost ofimaging system is crucial for mass deployment in certain applications. In contrast to
this, high-volume mm-wave applications are emerging  [Klal4; Wanl14; Shalq, including 60-
GHz phased arrays for short-range multi-Gb /s wireless links [60s; Nat11; Kril0; Wul4] and
77-GHz phased arrays for automotive radar systems [Kul3; Leel0; Mit10; Has12]. Moreover,
due to the increasing interest in 5G applications, more of such hardware will be available
commercially for a fraction of cost today. These commercial-of-the-shelf (COTS) phased
arrays have the potential to be used in other multi-antenna applications, allowing for
substantial cost reduction. In this work, we explore the possibility of turning a COTS phased
array receiver into an interferometric imaging receiver using code-modulation.

Code-modulated interferometry (CMI) [Chal6] is an alternative that employs thinned
apertures to reduce the hardware requirement and repurposes communication phased
arrays to reduce development costs. In CMI, the complex visibility samples are obtained
by orthogonal code-modulation of individual signals using phase shifters, processing of
combined signals using the shared receiver path, creation and detection of complex code-
multiplexed visibilities using a scalar power detector, and demodulating all individual
visibilities using appropriate code products.

The use of code-modulation within receivers has been studied in prior work in the

context of either imaging or communications. First, for imaging, code modulation has



been used within correlating interferometers to eliminate unwanted performance artifacts
such as LO feedthrough or spurious signals [Tho08]. Second, for communications, code
modulations have been applied within a receiver to allow multiple receiver element to share

a common hardware path [Tze09]; however, the concepts in [Tze09] were not implemented
within an N-element phased array. Our demodulation approach which recovers correlations
rather than signals further distinguishes our work over this prior art.

Note that a similar coded imaging approach, referred to as compressive synthetic aper-
ture interferometric radiometer, is presented in ~ [Kprl8]. M antenna channels are coded
into N measured signals (N << M receivers) using a passive microwave device such as a
resonant cavity. In contrastto [Kpr18], the CMI approach does not require bulky microwave
cavities and enables application of software-programmable codes. Also, CMI enables the
codes to be modi ed in software, providing exibility to change the codes based on the
application. Finally, CMI can employ a simple scalar (power) detector as a direct mea-
surement, eliminating the need for complex correlators and hence compact, has a single
receiver channel (N = 1), requires only one scalar measurement from power detector, and
has active coding with ability to upgrade codes as they evolve. The possible disadvantage
in CMI compared to [Kprl8]is its lower sensitivity since all signals are combined into one

shared signal for processing.

1.1 Research Objectives

The objectives of this work are to investigate code-modulated interferometry as a method
to re-purpose phased arrays into imaging system and build the hardware to demonstrate
the theoretical and behavioral model results, formulate sensitivity and evaluate image

resolution.



This document is organized into ve chapters. Chapter 1 presents the introduction to
the topic and motivation behind this work. Chapter 2 presents the theoretical investigation
and modeling of code-modulated interferometry. Chapter 3 presents a millimeter-wave
implementation using in-house 60 GHz phased array. The millimeter-wave imaging proto-
type demonstrates the code-modulated interferometry for a simple four-element system.
Chapter 4 presents an eight-element 10 GHz prototype of code-modulated interferomet-
ric imaging using commercially available phased arrays. Further, Chapter 4 discusses the
scalability and expands the 10 GHz eight-element imager in to a true two-dimensional
16-elements imager and demonstrates the resolution of two point sources. Finally, Chapter
5 presents the conclusions and summary of the completed work, and the scope for future

work.



CHAPTER

CODE-MODULATED INTERFEROMETRY

2.1 Interferometry Fundamentals

As is well known, interferometry is a technique used by radio astronomers to realize higher
resolution telescopes using a sparse array of coherent detectors to sample an aperture
[Tho08]. Measurements are made by cross correlating the signals from spatially separated
pairs of antennas (a baseline) with overlapping eld-of-view (FOV) known as visibility
samples. Measurements for different baselines, collectively known as the visibility function,
V (u,Vv), are related to the brightness distribution, T through a Fourier transform, as follows

[Sko06; Ruf8g



z,Z

V(u,v)= T(, )el2UWI™Mgin d d , (2.1)
0 0

wherel =sin cos andm =sin sin ,andu and v baselinesrelate to two-dimensional
antenna spacings per unit wavelength. T is obtained using a discrete inverse Fourier
transform of the measured visibility samples. The unit samples in the brightness domain
are inversely related to the unit visibility samples, as shown below, where N and M are total

number of complex visibility samplesin  u and v domains respectively [Tho08],

N I=( uytand M m=( v). (2.2)

These determine the eld-of-view (FOV) and resolution. For a linear array, resolution
is sin(,es)=(N u)! =2Dp. and FOVisN sin( )=( u)! =D, ,where
Diax and Dy, are maximum and minimum antenna spacing respectively  [Lim09]. The
maximum antenna spacing (and hence minimum angular resolution) is limited by the

coherence requirement [Let03; Sko06] as follows

DmaxSin max < (23)

W|o

where c is the velocity of light and B is the bandwidth. More details about interferometry,
Nyquist criterion for u-v sampling, correlators and other requirements can be found in
[ThoO08; Lim09; Ruf88].

Interferometers must therefore evaluate (complex) correlations for each baseline and
then compute the inverse Fourier transform to obtain the image. Interferometry does not
require a focusing lens, allowing for at or conformal imagers. Note that image resolution

is related to the number of independent baselines, and measurements from redundant



Figure 2.1 Schematic of the measurement of a visibility sample [Sim18].

baselines can be averaged to reduce noise.

Since an interferometer must measure each antenna signal and since the correlations
are typically evaluated in the digital domain, an ideal interferometer array would include
N receive chains in parallel, as shown in Fig. B.3(a). Each chain would generally include a
front-end ampli er, a quadrature downconversion mixer, and baseband analog-to-digital
converters (ADCs). A bank of digital complex correlators would then be used to evaluate all
possible pairwise correlations.

In contrast to this digital-combined array, Fig. B.3(b) shows a simpli ed block diagram
of a conventional phased array. Each front-end element contains an RF ampli er and phase-
shifter. Individual signals are then added together, downconverted, and processed through
to the digital domain. In comparing the phased array to the ideal interferometer array, we
observe that the interferometer has individual hardware paths per element whereas the
phased array has a shared hardware path beginning at the signal combiner. As a result, any

attempt to use a phased array as an interferometer array must allow for the shared hardware



(@) (b)

Figure 2.2 (a) Block diagram of a conventional interferometric array and (b) Block diagram of a
conventional phased array employing RF phase shifting and combining.

path, while retaining necessary individual signal information and  / or signal correlations.

The proposed solution to overcome this limitation is by using code-modulation technique.

2.2 Code-Modulated Interferometry with Phased Arrays

2.2.1 Modulation of Antenna Responses

A phased array can be recon gured into an interferometer array by applying orthogonal
coding functions to each incoming signal using the phase shifters present within each
front end. Code modulation allows multiple, individual radiometer data streams to be
multiplexed onto a single hardware path. As will be shown, we can then recover correla-
tions between signals downstream through correlating the aggregate response with code
products.

The speed of the codes relates to the rate of the signal or scene change. In conventional
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code-modulated communications ( e.g, CDMA), the data signals are modulated with a
code running at a signi cantly higher frequency than the modulation or symbol rate. For
imaging applications, the signals are being modulated proportional to the scene change;
hence, the code rate can be kept low.

Mathematically, the phase modulation within each front-end can be represented as
Sit)=Ascos(t ot + ), (2.4)

where s, (t) represents the signal at the output of the n'" phase shifter, A, and ,, represent
the amplitude and phase of the signal, and |, represents the phase modulation imparted.

We can subdivide this expression into in-phase (s ,) and quadrature-phase ( s, ,) signal
components which are then multiplied by in-phase ( i,) and quadrature-phase ( q,,) codes,

as follows:

S, (t)= IOicos( n)[Anpgcos(! ot + )+ Ioisin( n)[Anp—fsin(! ol =S+ 0nSyn -
(2.5)

Provided that the phase shifter is at least two bits (true for nearly all phased arrays), then the
phase shifter can be used to realize phase shiftsof 45 and 135 .Thisturns i, and q, into
simple 1 codes (i.e., P 2cos( 45)=1and P 2cos( 135 = 1). Note that the application
of these “two-level" codes allows us to separately modulate both in-phase and quadrature-
phase portions of the signal, which will be used later to obtain both real and imaginary
visibility functions.

All N signals are then power combined in the phased array, turning the phased-array

signal-combining operation into a code-multiplexing operation. The aggregate signal, Ssum s
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is represented as
X

Ssum=Ke  (nSn+dnSyn)- (2.6)

n

Note that this is a time-varying signal, where the time notation has been dropped (  i.e.,
Ssum(®)! Ssum. INnOur summation, we assume that each path has identical gain and am-
plitude response, represented with k., generally obtained after calibration of the array.
Additionally, “normalized summations" are used, where k. is allowed to be one, where k.

becomes a scalar applied to all visibilities.

2.2.2 Demodulation of Complex Visibility Functions

Now that all individual antenna signals have been code multiplexed, they can then be
coherently processed through a shared hardware path, including digitization in the ADC. In
a traditional code-multiplexing system, to obtain the original signal, we would multiply the
code-multiplexed signal with the code corresponding to the signal component of interest
and then integrate over the code period. In the case of passive imaging, the incoming signals
are noise-like with zero mean and therefore would give zero output after demodulation. As
aresult, in our system, we defer integration until the nal cross-correlation step, essentially
merging the demultiplexing and correlation processes. Fig. 2.3 shows the possible solution
where the codes W, W, are multiplied to each signal and demodulated at baseband
before feeding into correlator. To simplify the demodulation of visibilities, a more compact
solution is discussed in further sections.

A block diagram of our proposed system which includes both the code modulation
within each front-end and then the visibility demodulation within the digital domain is
shown in Fig. 2.4. For demultiplexing and demodulation, a signal “squaring” operation is

applied to the aggregate s, signal. Such an operation can be an actual squaring circuit,
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Figure 2.3 Block diagram of a code-modulated interferometric imaging system employing code-
modulation within each phase shifter of a phased array and baseband visibility demodulation
using a bank of correlators.

Figure 2.4 Block diagram of a code-modulated interferometric imaging system employing code-
modulation within each phase shifter of a phased array and baseband visibility demodulation
using code products.
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such as an analog power detector, an RF mixer, a digital squaring operation, or another
operation which creates an “interference" of the code-multiplexed signal with itself. The
rationale for such a squaring operation is as follows. In a conventional interferometer, the
two signals of interest are correlated or interfered to obtain the visibility products. In Fig. 2.4,
the aggregate code-multiplexed signal is interfered with itself to obtain all possible visibility
products, with the added result that these visibility products are now code modulated
[Flol16; Flo18].

The squared “power" signal p is represented as

X X X
P=[Suml’=  iS°*2 in0SaSn*2  (nimSnSm* UnOnSynSym * inGmSnSym) -

n n ném
(2.7)

The squared summation or power signal p includes a summation of all of the “self-powers"
of the individual signals, a summation of the in-phase to quadrature-phase cross-products
of individual signals which are in general orthogonal to one another and would average to
zero, and a summation of all of the code-modulated cross-products between signal pairs.

To demodulate the visibility samples, the power signal is correlated with code products
inim and/or g,q, to obtain the real visibility samples. Likewise, the power signal is cor-
related with code products i,q,, to obtain the imaginary visibility samples. Since we are
correlating the square of the summation with a code product, all code products must be
balanced and orthogonal, a property we refer to as “Balanced Orthogonal Code Products"
(BOCP). In general, it is possible to have identical code products occur within a set of
balanced orthogonal codes. This would result in multiple visibility functions obtained at
once or con icting one with the other. To avoid this, each code product must be balanced

and orthogonal.
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The resulting visibilities obtained are as follows:

VRe,n,m:E(inim -p)zzsﬁ,ns,m (28)

Vlm,n,m:E(inqm -p)zzsi,nsq,m (29)

where the E(.) notation is used to denote the expectation or integration function. In the
derivations above, noise has not been included and there will be a component to these
visibilities which relates to the average noise values within the system. Additionally, codes
have been assumed to be perfectly orthogonal; however, code skew can result in partial cor-
relation between codes leading to residues remaining within the demodulated visibilities.

Code modulation has traditionally found use in interferometry in two applications.
Firstly, in phase-switching interferometry  [Sul91; Urr99] wherein phase switching is applied
to remove unwanted components (such as, constant total power terms) to obtain cross-
correlations, and secondly in correlator-based interferometers to eliminate small offsets in
correlator outputs that can result from imperfections in circuit operation or from spurious
signals [Tho08]. The technique of multiplying each channel with orthogonal functions and
demodulating with the products of those functions to remove unwanted components is
similar to code-modulated interferometry proposed in this work. However, in this work
the code-modulation and successive demodulation after squaring of combined signal is to
recon gure a phased array into an interferometer. Code modulation in this application is
primarily to be able to obtain cross-correlations of all pairs of antennas simultaneously.
Removing of unwanted and spurious signals is, however, an added advantage. Overall, CMI
can be seen not just as an extension to, but a different application of a phase-switched
interferometry.

Code-modulated interferometry has been implemented for an example four-element
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array and presented in detail in Sec. 3.2 for better understanding of extraction of visibilities.

2.3 Balanced-Orthogonal-Code-Products (BOCP)

As discussed in previous section, the proposed approach to code-modulated interferometry
encodes incoming signals using orthogonal codes and decodes desired cross-correlations
or visibilities using balanced-orthogonal code-products. In particular, the codes must be
chosen such that the product of any two codes from the set is a third unique code — the
code product. Here we discuss the requirements for a code-set to qualify as BOCP with

examples of suitable code sets.

2.3.1 Rademacher Codes

Rademacher codes [Hen64] or divide-by-two codes are inherently balanced, orthogonal,

and BOCP code set. For example, for a code of length eight, the four Rademacher codes are

2 3 2 3
R, 1 1 1 1 1 1 1 1
RZ g1 1 1 1 1 1 1 1
= (2.10)
QR §1 1 1 1 1 1 1 I
R, 1 1 1 1 1 1 1 1

For a code of length L, there are (log,L + 1) Rademacher codes. The advantage of using
Rademacher codes is the ease of generation, where each code can be easily generated using
a frequency divider circuit. The drawback, however, is that the length of the codes increases
exponentially with the total number of code-sets required, or the total number of elements

in the receiver. For smaller number of elements, like in the case of four-element prototype

discussed in Chapter 3, Rademacher codes have been used for ease of implementation.
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2.3.2 Hadamard-Walsh Codes

Walsh codes [Wal23] are orthogonal code sets and have been used for the behavioral results
in this section. For a xed code length, the product of any two codes from a Walsh set gives

a third code from the same set. For example, a complete set of Walsh code for a code of

length eight is:

2 3 2 3
W, 1 1 1 1 1 1 1 1
w2 €1 1 1 1 1 1 1 1
W, 81 1 1 1 1 1 1 1
W, 81 1 1 1 1 1 1 1
= (2.11)
W, 81 1 1 1 1 1 1 1
We7 81 1 1 1 1 1 1 1
GWef 81 1 1 1 1 1 1 1f

W, 1 11 1 1 1 1 1

Walsh codes can be generated using Rademacher codes [Hen64], and thus Rademacher
codes can be seen as a subset of Walsh codes. For example, a complete set of Walsh code for
a code of length eight generated using the Rademacher codesis W; = Ry, W, = R, W3 = R;R;,
W, = Ry, Ws = RyR3, W = R;R,R3, W, = R;R; and W = Rs.

It is evident that different code pairs can result in same third code (  e.g, W,W; = W,W, =
W,). The BOCP codes used to modulate should be selected such that unique codes are
generated by product of any two codes. If R1,R2 and R3 are used, then only one out of
remaining four ( R;R,,R,R3,R;R; and R;R,R3) can be used. For a code length of 1024, 30
such Walsh codes are available. A MATLAB® code was written to identify BOCP code set for

any given code length, given in Appendix A.1.3. For a system with N antennas, we need 2N
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codes to be able to obtain complex visibility function from all baselines. With increasing
number of antennas, the code length increases signi cantly and increases the integration
time, reducing the frame rate of the imager. Similar challenge is faced in phase switched

interferometry; more information can be foundin ~ [Urr99; ThoO8].

2.3.3 Gold Codes

Uncorrelated codes are needed for code-modulated interferometry, where codes are used
to control or modulate each phase shifter in the phased array. Hadamard-Walsh codes or
Rademacher codes are possible candidates as explained in previous section, however, these
codes must be nalized before designing the circuit, limiting system exibility. Therefore a
more generic code generator is desirable which is software programmable. For this purpose,
Gold codes have been explored in this section because of their bounded correlation property
and easy generation using maximum-length sequences (m-sequences). Gold codes have
only three cross-correlation peaks which reduce in magnitude as the length of the code
increases. Gold codes are also simple to realize through the modulo-2 addition (XOR) of two
m-sequences [Sim94]. In the following paragraphs, we rst describe properties and simple
circuits for m-sequence generators and then show how these can be used to generate Gold
codes.

Maximum-length sequences are, by de nition, the largest codes that can be generated
using a number of shift registers placed in linear feedback, i.e., linear feedback shift registers
(LFSR). The m-sequence generated by a length of shift registers is decided by the placement
of taps (i.e. XOR gates) in the feedback. For a length n of shift registers, the largest code is
oflength T =2" 1. There can be multiple m-sequences for a given length of shift registers,

depending upon where and how many XORs (or taps) are placed in the feedback.
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Figure 2.5 A four stage shift register with one tap generating an m-sequence [Garl0].

Table 2.1 Feedback connections for m-sequences [Garl(].

Fig. 2.5 shows a simple block diagram of a four-stage m-sequence generator with the
feedback applied by XORing of the outputs of registers three and four. This is denoted herein
as a tap feedback of [3,4]. Note that for every set of feedback taps, if the tap positions are
“mirrored"”, an identical sequence reversed in time is generated. For the circuit in Fig. 2.5,
this mirrored sequence is obtained with  [4,1] feedback. This concept is easily extendable
to larger sequences, with a summary of the number of registers, feedback locations, and
number of possible m-sequences shown in Table 2.1.

Two m-sequences are used to generate one set of Gold codes as shown in Fig. 2.6. One
m-sequence is delayed and XORed with another to obtain a Gold code. Different Gold codes
of the same set can be obtained by varying the phase delay. Since the two m-sequences
are of same length N, all the generated Gold codes of the set are of length N . Each pair of

m-sequence selected has speci ¢ properties and are called preferred pairs .
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Figure 2.6 Two LFSR producing m-sequences Seq 1 and Seq 2 used to generate a Gold code
[DJ9d].

Fig. 2.6 illustrates a Gold code generation using ve-stage m-sequence generators.
Sequence one (Seql) is programmed to have feedback at [5,3] and Sequence two (Seq2)
is programmed to have feedback at [5,4,3,2]. The length of the m-sequences and Gold
codes= 2° 1= 31, thus, there are 31 Gold codes that can be generated by varying phase
shifts in m-sequences. Example sequences are shown below in Table 2.2. Sequence 1 is the
m-sequence for feedback of [5,3] whereas Sequence 2 is the m-sequence for feedback of
[5,4,3,2. The 0-Shift combination is the Gold code output when Seql and Seg2 are XORed
without any phase delay between the two. The 1-Shift combination is the Gold code output
when Seqgl and Seg2 are XORed with a single unit phase delay between the two. Finally, the
30-Shift combination is the Gold code output when Seql and Seq2 are XORed with a 30-unit

phase delay between the two. Circuit design for Gold codes is discussed in Appendix A.2.

20



Table 2.2 Gold codes using different sifts [DJ9g] .

Sequence 1 1111100011 0111010100 00100101100
Sequence 2 1111100100 11000 01011 01010001110

0 Shift combination 00000 00111 1011011111 01110100010
1 Shift combination 00001 0101011110 00010 10000 11000 1
30 Shift combination 10000 10001 00010 10001 10001 10101 1

2.4 Behavioral Models

2.4.1 One-dimensional CMI

Several behavioral models are created to test the concept using MATLAB © and SIMULINK ©.
First, conventional interferometry is compared to code-modulated interferometry. Fig. 2.7
shows the block diagram of the behavioral model created to simulate a 1-D CMI. Fig.2.8
shows the behavioural model for an ideal 1-D array of fteen antennas with wavelength
spacing. To simulate a point source, a wide-band RF noise block is used. To model the path
difference to different antenna elements, a phase shift is applied to the incoming noise
corresponding to the relative geometry of the antennas with respect to the point source. For
example, assuming a parallel wave-front, a wavefront from a point source at 20  azimuthal
angle would incur a phase difference of 2 .D.sin(20 )radian at the two receiving antennas
placed at a distance D. apart. As such, fteen antennas with wavelength spacing receive
the noise signal with a phase shift in multiples of 2 .sin(20 ) radian, with 1.2 .sin(20)
rad. phase shift for second receiverto 14.2 .sin(20 )rad. phase shift for fteenth receiver.

The signals are then simulated with receiver noise for each element and a band pass
lter to limit the bandwidth, as shown in Fig. 2.9. Each signal is then code-modulated using

I and Q codes to simultaneously extract complex visibilities, as discussed previously in Sec.
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Figure 2.7 Behavioral model for one-dimensional code-modulated Interferometry.

2.2.2. Hadamard-Walsh codes of length 1024 are used in the simulation which provide 30
BOCP codes. Note that 15 elements require 30 BOCP codes for complex code-modulation,
15for | and 15for Q code-modulation, respectively. A MATLAB code is written to select a set
of 30 BOCP codes from a set of 1024 Walsh codes of length 1024, given in Appendix A.1.3. The
code-modulation in a phased array can be achieved using a minimum of 2-bit phase shifter.
All the signals from fteen receivers are then power combined and squared, as shown in
Fig. 2.10. The squaring operation provides all the cross-correlations (real and imaginary
visibilities) between all possible pairs of antennas. Fig. 2.11 shows the demodulation of
the visibilities from squared signal using matched lters consisting of multiplication with
respective code-products followed by an integration. The visibility samples are then saved
in MATLAB workspace and the data is processed using MATLAB, including the Fourier

transform to produce the brightness patterns.
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Figure 2.8 SIMULINK behavioral model for fteen elements one-dimensional code-modulated
interferometry.

23



Figure 2.9 SIMULINK behavioral model for fteen elements 1D CMI showing noise point source,
front end model and code-modulation.
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Figure 2.10 SIMULINK behavioral model for fteen elements 1D CMI showing power combining
and squaring operations.
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Figure 2.11 SIMULINK behavioral model for fteen elements 1D CMI showing demodulation
using matched lters (code-products) and integration.
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Another SIMULINK model is created to simulate the conventional interferometry for
comparison with CMI. As shown in Fig. 2.12, the conventional interferometry is modeled
using a similar approach; the model consists of a noise source, phase shifts to capture path
length, a noise gure block and bandpass Iter to model circuit front end, and a bank of
complex correlators (pairwise multiplication and integration) to obtain complex visibilities.
The visibility samples are once again saved in MATLAB workspace for data processing

including Fourier transform to obtain brightness pattern.

Figure 2.12 SIMULINK behavioral model for fteen elements 1D basic interferometry showing a
bank of complex correlators to obtain complex visibility samples.

The bright point source is then swept across elevation angles and the two approaches
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are compared. The point source consists of a 1-GHz signal with 2-MHz bandwidth to allow
for faster computation. The code modulation applied consisted of a chip rate of 1 MHz with
code length 1024. The results for both interferometers were found to be very similar. Fig. 2.13
shows the plots for one and two point sources at different angles in sky, for conventional
and code-modulated interferometry. Note that CMI imager is able to accurately track
the bright point source, as well as resolve two point sources. These simulations, however,
assume a perfectly cold background with only one or two bright point source(s) emitting
noise-like thermal radiation, and does not included any of the circuit imperfections and
implementation errors. These ideal simulation conditions provide a near-perfect match
in the simulation results of a CMI imager with conventional interferometer. Background
thermal noise, circuit noise, circuit non-linearity, spurious signals, code-skewing, moving
scene, etc. are some of the many imperfections that will affect the actual implementation of

the system. The affect of circuit noise gure on the CMI imaging is discussed in Chapter 3.
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(a) (b)

(c) (d)

(e) )

Figure 2.13 Behavioral modeling results comparing traditional to code-modulated interferome-

try: (a)-(d) shows the results of a point source at 20, 30,40 , and 50 elevation angles; (e) and (f)
show code-modulated interferometry resolving two point sources at elevation angles 20 and 30
in (e),and 30 and 40 in (f).
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2.4.2 Two-dimensional CMI

To test the code-modulated interferometry for extended sources, the behavioral models
are expanded to a two-dimensional scene and a two-dimensional imaging array. Fig. 2.14
shows the behavioral model for two-dimensional CMI. Extended objects are modeled as
a combination of multiple independent point sources emitting uncorrelated noise. This
makes the object spatially uncorrelated, an important requirement for interferometric
imaging systems. The noise signals then pass through a MATLAB code that models the
shape of object, its distance from imager, and relative path difference of the signals from
different parts of the object to the different receivers in the imaging array 1. The MATLAB
code to simulate 2-D objects for imaging is given in Appendix A.1.1. The noise sources
are wide-band white-noise block and therefore a band pass Iter block is used to limit the
bandwidth, and code-modulation is applied to both | and Q signal, similar to 1-D CMI. All
of the elements are then power combined and fed into a power detector (squaring). Again,
the results are saved in MATLAB workspace and data is processed in MATLAB, including
the demodulation of the visibilities and the Fourier transform to obtain the image. Twelve
elements are placed in a "T" con guration providing 81 pixels in an image. Fig. 2.15 shows
results for point sources and 2-D "T", "I" and"O" shaped objects and demonstrates the

functionality of the system.

1The phase array imaging toolbox [PT13] provided by TXACE (M. Torlak, UT Dallas) was helpful in imple-
menting the 2D behavioral models.
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Figure 2.14 Behavioral model for two-dimensional code-modulated interferometry.
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Source Image

Figure 2.15 Simulation results for imaging 2-D sources with code modulated interferometric
imaging system [Chal®g].

32



2.5 Sensitivity Analysis

An important metric for the performance of any radiometer is the sensitivity ( Tnin)ofthe
system, de ned as the minimum change in temperature of source that can be detected.

Sensitivity of a single radiometer is given by [Kra86].

_ KeTsys
Tmin S, (212)
HF LF

where K, is sensitivity constant, T, is the system noise (T, = antenna temperature T,
+ receiver noise temperature Tgt), ne IS the high-frequency bandwidth and Lr isthe
integration time. K, is a multiplication factor which depends upon different factors such as
the interferometer con guration or phase switching, correlator ~ / power detector, etc.and
can vary between 0.5 and f 2 [Kra86] in radio astronomy for single and pairs of antennas.
In this section we estimate the sensitivity constant (K, ) for an N-element code-modulated
interferometer. The derivation follows the approach similar to as given in book titled Radio
Astronomy by Kraus, Chapter 7, pages 4-22 [Kra86].

Let us assume a code-modulated interferometer with N number of elements. To sim-
plify the analysis, let us assume only real visibilities are being obtained. Each element is
connected to an antenna with antenna temperature T, and each receiver adds a receiver
noise equivalent to noise temperature Tgr. We assume that each element has a frequency
bandwidth of ne centered around a mm-wave frequency of . Corresponding noise
powers are kT, g and kTgr  ye ineach element from background noise and receiver
noise, respectively, where k is the Boltzmann constant. Noise power in each element given
bykTar  we KTrr: we KTaz  wesKTrr2 HEs o KTan we  KTrrn wEe CANbe as-

sumed to be independent, and hence uncorrelated. This implies that total system noise
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Tsysfrom each antennais thus uncorrelated. A discrete source of temperature T produces
asignalpowerof k T g ineachreceiver. The N elements of the interferometer receive
the correlated signal from the discrete source with different phase shifts due to different
path lengths. Let us also assume that this phase shiftis cos ;,co0s ,,€c0S 3,..0S y
for antennas one to N.

Signals from N elements are code-modulated and power combined using a power
combiner. It is important to note here that all the signals from N elements are power
combined using a circuit element, such as the Wilkinson power combiner  [Wil60]. In a
Wilkinson power combiner, when uncorrelated noise is provided at each of the two input
ports, half of the power from each port is dissipated in the shunt resistor and half of the
power reaches the output port. As such, uncorrelated noise temperature Ty and Tgy o
provide a total noise temperature of (Ts, 4 + Tsy)=2 at the output port of power combiner.
When correlated signals are presented at the input ports of Wilkinson power combiner, the
signals add in power.

At any instant in time, the spectral power of the power combined signal (before the
power detector) for a total power interferometer can be written as (in watts):

X X X X
W =Cok pe[ Tat Trrt T+2 T cos ,] (2.13)
where C, is a proportionality constant that includes the gains and losses in the receiver.

For a code-modulated interferometer, the above equation can be re-written as:
X X X X
W=C0k HF[ TA+ TRT+ T+2 T ( )COS n] (214)

where the ( 1) represents the code-modulation of individual elements.
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Foran N element CMI, the above equation can be written as:

W =Ck H{pg[NTA+NTg;+N T+2 T( 1cos ; 1lcos , 1lcos ;+..)] (2.15)

or

W =Cok pp[NTgys+N T+2 T( 1cos ; 1cos , 1cos ;z+..)] (2.16)

The combined signal is then fed in to a power detector. During demodulation we obtain
avisibility sample,say 2 Tcos 4, usingthe code-products, whereas the d.c. terms such as
NTsys+ N T andthe other visibility samples 2 T(cos ,+cos 3+..)wouldvanish. This
is similar to an N-element phase-switch interferometry, the difference being that in CMI we
use codes to obtain cross-correlations whereas the codes in phase-switch interferometry

are mainly to eliminate system non-idealities. The desired signal power is then given by:

W=C[k 4e2 Tcos ,]? (2.17)

where C is the transfer function of the power detector.
Along with the desired signal, there exists a noise voltage in the power detector output,
originating due to noise-voltage components in the frequency range from HE ne=2t0
we t  nr=2 beating with each other. This noise voltage has a triangular power spectral

density with close to d.c. maximum of:

Wnoise= 2C[kNTsys]2 HF (2-18)

assuming N T <<< NT,,¢which is true for a small bright object in the scene to be
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imaged. For extended objects, the total power from the object contributes to the reduction
in the sensitivity. Also, assuming a rectangular passband for the low pass lter (or averaging)

of bandwidth Le, the noise in power detector signal can be written as:

Wnoise = 2C[l’(NTsys]2 HF LF (2-19)

The sensitivity can then be de ned as the minimum detectable cross-correlation term
when it is equal to the noise in power detector output, W,,in = Wioise. Substituting LE =

152 _r), and equating eqns. 2.17 and 2.19, we get:

_ NTg.
Tvis Sl ¢ ge—— (220)

HF LF

where T,;s=(2 Tcos ,)min. Thisisthe sensitivity of a single visibility sample. Hence,
for code-modulated interferometry, sensitivity constant K, = N . This degradation of sensi-
tivity is a trade-off to reduce the cost of the imaging system. This reduction in sensitivity
can be over come by higher bandwidth and longer integration time.

According to [Ruf88], unlike in radio astronomy where the source is relatively smaller
than the FOV, for the extended sources lling the FOV in imaging, the sensitivity is degraded
by the total brightness temperature of the source, i.e.NT,,sisreplacedby (NTs,+N T)in
the sensitivity equation. Every point in the source contributes to the noise in each visibility
point, and therefore to all the pixels in the image. For a simpli ed scenario, the sensitivity

of the image is given by [Ruf88]:

p_

Tv. N

Timage = P——— (2.21)
HF LF

where N, is the number of pixels in the image. Therefore the sensitivity of a CMI image
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obtained with N -element phased array and N, number of pixels is:

P —
TsysN Ny

Timage cmI =pP—= (2.22)
HF LF

Sensitivity is also affected by the redundancy in baselines, which is worst for a zero-
redundancy thinned array ( K, = P N,) and improves as the array becomes more lled.
Comparing with the phase-switched interferometry (K, =2 for two antennas), the K, for
code-modulated interferometry canbe upto N due to summation and subtraction of N
different noise sources. This might seem like a huge reduction in sensitivity but the number
of pixels obtained couldbeupto N (N 1) per scan as compared to one pixel per scan in
simple interferometer for the same integration time  [Ruf88].

As an example, an N-element receiver array with 6-dB noise gure ( Tsys 1200K),
RF bandwidths of 6 GHz and 1 GHz, and a frame rate of 30 Hz, T,;s 0.08 N and
0.21 N, respectively. The image sensitivity can be further reduced by using redundant
baselines. The code modulation interferometry provides information about all possible
baselines and thus redundant information can also be demodulated and used to average
out receiver noise. For an array with D.,;, = the FOVis .« = 1=2rad (approx 30).
For a 60-GHz system with 6-GHz BW, D,,,x» 50 mm which gives a resolution of 5.7 fora

30 FOV[Let03]. The resolution can be further improved by dividing the total bandwidth
into narrower bandwidths so that the correlation could be extended over larger baselines.
Reducing the bandwidth would reduce the sensitivity or increase the integration time for
constant sensitivity. This is a trade-off between sensitivity, resolution, and frame rate.

Sensitivity and resolution challenges are inherent to using interferometry for radio
astronomy and even more stringent for imaging, remote sensing and similar applications.

These have been been discussed in detail in [Ruf88] with regards to remote sensing. Ample
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research exists related to interferometry enhancement, including hardware instrumen-
tation, calibration and imaging enhancement algorithms (such as the CLEAN algorithm

[Tho08]). These can be applied as well to code-modulated interferometry.

2.6 Conclusion

In conclusion, with the help of preliminary results from behavioral models and the analysis
for system metrics we presented that the code-modulated interferometry appears to be a
promising and cost-effective alternative to costly imaging systems present in the market
today. One important challenge for code-modulated interferometry is scalability to larger
systems which needs to be investigated and possible improvements to be implemented.
This is the scope of future work. The Walsh BOCP codes place a hard limit on the number of
elements that can be used simultaneously in a CMI imager. A possible solution is to divide
the scene into smaller sectors and use multiple chips. Several different kinds of codes can
be explored, such as m-sequences, Gold codes, complex Walsh codes, or pseudo-random

codes to mitigate this scalability limitation.
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CHAPTER

DEMONSTRATION USING IN-HOUSE

60-GHZ PHASED ARRAY

3.1 Overview

The behavioral models in the previous chapter have successfully demonstrated the feasi-
bility of the proposed code-modulated interferometric imaging system. The behavioral
model has been tested with noise from the circuit but does not include the artifacts such as
non-linearity, feed through, mismatches and other non-idealities that can occur in any real

system. The next natural step is to build a working prototype of the system to test the system
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performance and image resolution in presence of such issues. The concepts developed
can be applied to both commercially available or custom designed phased arrays. The
implementation of imaging system at millimeter-wave frequencies is desirable for higher
resolution, but we found it rather dif cult to procure commercially available millimeter-
wave phased arrays. Therefore for the system to be evaluated, we create a custom chip, a
custom package, a custom antenna, and then a custom board.

In this chapter, we discuss the implementation of the code-modulated interferometry
using an in-house communication phased array and how to re-purpose it into an imager.
We present a simple 13-pixel CMI system operating in the license-free 60-GHz band using
a four-element phased-array receiver developed for IEEE 802.11ad (WiGig). The array
integrated chip is packaged with compact antenna structures. With minimum redundancy,
this four elements phase-array can be used to built a four-element imager that can provide

up to six different baselines and up to thirteen pixels with complex visibilities.

3.2 Four-element Code-modulated Interferometry

This section elaborates the code-modulated interferometry for a four-element phased
array. For zero redundancy, one of several preferred placement of four antennas (Elements
El, E2, E3 and E4) is shown in Fig. 3.1. In this con guration the four-elements provide a
complex visibility function with 13 discrete sample points: six discrete points by pair-wise
complex cross-correlations of the four elements, their complex conjugates, and one zero-
baseline point ( i.e., autocorrelation of any element). For example, elements (E1,E2) provide
a baselength of 1 , elements (E2,E3) provide a baselength of 3 , elements (E2,E4) provide
a baselength of 4 , and so on. The discrete visibility function for these elements can then

be represented as:
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Figure 3.1 Zero redundancy interferometric array using four antennas. The antennas are spaced
at ,3 and?2 ,producing baselines of lengthof 0 6 .

V =[v V., ,Vo, Vi , Vo , V3, Vs, Vs, Vg | (3.1)

61V51V41V31V2111

where v, represents the complex visibility for abaselength =n ,n=0 6andv, isits
complex conjugate. This can then be written in terms of the element number from Fig. 3.1

as:

V= [V1’41 V2’41 V1'3, V2’3; V3’41 V1’21 Vl,lv Vl,2! V3,4! V2,31 V1,31 V2,4! Vl,4] (32)

where v, ,, is the complex visibility for elements ( En,Em),n,m=1 4.

The visibility function is obtained in traditional interferometric imaging by cross-
correlating the signals received by pairs of antennas using a bank of complex correlators.
Since the correlations are typically evaluated in the digital domain, an ideal interferometer
array would include complete receive chains in parallel for each antenna. By de nition,
the visibility is calculated by complex cross-correlation operation, wherein the signals

from two antennas are multiplied and averaged for long period of time. This operation can
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be mathematically representedas Vo = S§nSm*j-SpSgmandv, =S.Sm |.SnSm.
where s ,, and s, , are the in-phase and quadrature-phase components of the signal in the
nth element.

In contrast to this, as we know the phased array consists of multiple phase-shifted
elements whose signals are combined and processed through a shared receiver path. To
recon gure a phased array into an interferometer array, CMI applies orthogonal in-phase
and quadrature-phase codes to each signal using the already-present phase shifters. En-
coded signals are then combined and the aggregate signal is processed coherently in single
hardware path. For a four-element phased array the aggregate signal, s, IS represented
as

X4

Sum=  (GnSn*CynSyn) (3-3)

n=1
where, ¢; , and ¢, , represent the codes applied to in-phase and quadrature-phase com-
ponents s , and s, of the signal in the n'" element, n = 1,2,3,4. In this example, we
assume a vector interpolator phase shifter which allow simultaneous and independent
code-modulation of in-phase and quadrature-phase components of each signal. The visi-
bility functions can then be directly detected using a scalar power detector which results in
a baseband signal which contains all possible complex cross-correlations of signals (  i.e.,
visibilities), each of which are modulated by code products, as follows:

X4 X4
pz[ssum]2= (Ci,nci,ms,nsi,m+Cq,ncq,msq,n5q,m+Ci,an,mS,nSq,m) (3-4)

n=1m=1

The squared output includes a DC term proportional to the total power of all signals and
then multiple code-modulated correlation terms. The cross-correlation between i and g

signals within each element ( i.e., n=m) should ideally be zero. For n6m, the terms include
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Table 3.1 Matrix showing the combinations of in-phase and quadrature-phase signals needed to
be multiplied to obtain real and imaginary components of visibility samples.

the real and imaginary cross-correlations (or visibilities) modulated according to code-
products. All complex visibilities can then be simultaneously demodulated by correlating

the squared signal with each code product of interest (  e.g, ¢; ,Ci , forrealand ¢; ¢, , for
imaginary components of complex visibility  V, ) and integrating for the time period of
code, provided the code-products are orthogonal. For example, demodulation of complex

visibility sample v, , is shown below:

Vn,m = (Ci,n Ci,m + J -Ci,n Cq,m)-p = S,ns,m + J -3,n$q,m (3-5)

Table 3.1 shows the multiplication pairs to produce the real and imaginary components
of the visibilities. As evident from Table 3.1, there is redundancy in obtaining the visibility
samples. These redundancy can be utilized to improve sensitivity. Note that CMI can be
applied to any phased array with at least two-bit programmable phase shifters and does
not require any additional hardware.

The one-dimensional visibility function, V (u) is related to the brightness distribution
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(T ) through a Fourier transform, as follows

z

V)= T()elz2tbdl, (3.6)
0

where | = sin and u is baseline vector equal to one-dimensional antenna spacings per
unit wavelength. A discrete inverse Fourier transform (DIFT) of the measured visibility
samples provide theimage T :
X 1 i
TG 1)= V(@ u)e?vw (3.7)
p=0
With a complex visibility function with 13 discrete samples, an image with 13 pixels is

obtained.

3.3 60-GHz Hardware Prototype

3.3.1 Circuit Architecture

A four-element receiver array was fabricated with Dr. Kevin Greene ! using the TowerJazz
0.13 m SBC18H3 technology, which features NPN transistors with a maximum oscillation
frequency ( f,.,) of 280 GHz and a six metal back-end-of-line (BEOL). This four-element 60-
GHz phased-array receiver is then used to demonstrate our approach of code-modulated

interferometry.

INorth Carolina State University, Raleigh, NC USA 27606
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3.3.1.1 Low-noise Ampli er (LNA)

Each element in the phased array includes an LNA as the rst stage to limit the noise added
by the receiver. A ve-stage ampli er shown in Fig. 3.2 is designed and fabricated. The
rst four stages use a current-sharing topology where two common-emitter ampli ers
are stacked in the same DC current path. This allows a 2.5 V supply to be shared between
the LNA and phase-shifter, where each common-emitter gain stage sees approximately
1.25V across the collector and emitter terminals. A transmission line is used for inter-stage
matching between each transistor-pair in the current sharing paths and then a large bypass
capacitor is placed at the emitter of the top transistor to form a small-signal ground. Finally,
acascode ampli er is used for the fth stage with a 50 resistive load to ensure a broadband
match to the phase-shifter. Impedance matching throughout the design is stagger tuned to
provide a at gain response from 57 to 66 GHz.

A break-out circuit for the LNA has fabricated andthe  S-parameters have been measured
using a VNA with results as shown in Fig. 3.3. The input and output matching shows
reasonable agreement compared with simulation, achieving better than 10 dB return loss
from 50 GHz to greater than 67 GHz. The peak gain response shifted to approximately
66 GHz, roughly 4 GHz higher than in simulation, owing to this being our rst time using
the TowerJazz process. The gain at 57 GHz is 21 dB and increases to 24 dB at 66 GHz.
Although unintentional, this upward shift in frequency helps to atten the overall array
gain across frequency. Due to equipment limitations the noise gure of the breakout could
not be measured, but it is expected to match reasonably well to the simulated value of
5.5 0.1 dB across the band. Power consumption of the LNA is approximately 25 mW

[Grel8; Grel7.
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Figure 3.2 Schematic of the 5-stage LNA using stagger-tuned current-sharing common-source
ampliers [Grel8].

Figure 3.3 Measured S-parameters for the LNA break-out circuit used in the phased array as
compared to simulated results. [Grel§].
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Figure 3.4 Block diagram of the active vector interpolator topology implemented as each ele-
ments' phase shifter [Grel8].

3.3.1.2 Phase Shifter

Following the LNA is an active vector interpolator designed by Kevin Greene, whose block
diagram and schematic are shown in Fig. 3.4 and Fig. 3.5. Simulated NF for the phase-shifter
is 15—-16 dB and power consumption is approximately 22 mW. This phase shifter provides six-
bit phase resolution for normal phased-array operation and Cartesian encoding capability
for code-modulation. The input signal to the phase shifter is rst split into differential-
guadrature signals and then fed into I- and Q-path variable gain ampli ers (VGAS). The
gain of each VGA is adjusted to provide a desired phase and amplitude response. This
architecture leads to a straight-forward application of Cartesian encoding as the signs of
the I - and Q-path VGAs need only be commutated according to their respective codes

[Grel8; GrelT].

3.3.1.3 Power Detector

One key attribute of code-modulated interferometry is the use of direct detection with a
single power detector to provide the squaring of the code-multiplexed signal. This avoids

the need to provide coherent quadrature down-conversion with on-chip mixers and local-
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Figure 3.5 Schematic of the vector interpolator using cross-coupled Gilbert cells to form the
variable-gain ampliers [Grel8§].

oscillator (LO) signals, hence reducing the complexity. The RF out signal is coupled into
a common-emitter power detector circuit, biased at low current density to perform the
squaring function [MR10a] as shown in Fig. 3.6. The power detector must maintain a linear
output voltage relative to input power for the highest possible output power of the array

to avoid distortion in the down-converted signal. The highest output power occurs when

all element are operating in-phase resultinginan N times higher output power of a single

element, where N is the number of elements in the array.

3.3.1.4 Four-element Array

A four element phased array receiver is built as shown in the block diagram in Fig. 3.7 and

die photo in Fig. 3.8. Each element is comprised of an LNA and an active vector-interpolator
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Figure 3.6 Power detector schematic used to square the combined code-modulated signals and
generate a low-frequency signal to be captured by an external data converter [Grel8].

phase-shifter whose phase setting is controlled using an on-chip serial programmable
interface (SPI) located in the upper left corner of the die. On-chip modulators are also
included which can be used to code-modulate the signals by controlling the phase in the
phase shifters. Using these modulators, Rademacher codes can be initially applied to the

I and Q components of each phase-shifter and their known code products can then be
applied to digitally demodulate the cross-correlations at baseband. An interesting property

of the Rademacher codes is that the frequency of alternating +1to 1 differs by a factor of
two (hence also known as divide-by-two codes) making it simple to generate on-chip using

a frequency divider. The output of each element is then combined using a cascaded 4:1
Wilkinson power combiner, where the composite output can be measured directly using
RF probing. Also, the combined output is weakly coupled to the power detector. The phase
shifter provides six-bit phase resolution for normal phased-array operation and Cartesian
encoding capability for code-modulation. The phase shifter, power combiner and the power
detector were designed by Dr. Kevin B. Greene and more details can be foundin  [Grel7].
Note that this array has two outputs, a 60GHz mm-wave output that can then be used for

stacking multiple arrays for larger systems as well as a power detector DC output which
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can be used for four-element one-dimensional interferometry.

The chip is measured in lab using wafer probing techniques. The measured results
of phased array are shown in Fig. 3.9, and then the key performance is summarized in
Table 3.2. Each element within the array achieves a gain of approximately 14 dB. Power
consumption for each element is 52 mW. The coding can be done by either using the on
chip frequency dividers or serial programmable interface (SPI). The chip also features
circuitry for built-in-test technique called as Code Modulated Embedded Test, or COMET
[Grel6]. COMET uses the code-modulated interferometry and BOCP codes to characterize
and calibrate the phased array, and is a secondary contribution of this research  [Grel6;
Hon19]. This technigue has been demonstrated for this particular 60 GHz phased array in
[Grel8].

Using CMlI, this phased array is repurposed into an interferometer to create a simple
imaging system at 60 GHz. Although on-chip modulators (Rademacher codes implemented
using frequency dividers) have been included to allow automatic code generation, here we

choose to apply the codes directly using the serial interface.

3.3.2 Packaging

The 60-GHz phased array IC is wire-bonded onto a multilayer printed-circuit board (PCB)
which includes Rogers 5880 on an FR4 substrate, as shown in Fig. 3.10. The board design
showing all metal layers is given in Appendix A.3. The low dielectric losses of Rogers 5880
substrate is suitable for high-frequency operations. The top and bottom copper metal
layers are 1 oz. thick while the middle two layers are 0.5 oz. thick. To reduce the length of
RF wirebonds, the diced chip is placed in a 10 mil cavity on board.

The small pad sizes on the chip prevented us from a low loss ip-chip transition suit-
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Figure 3.7 Block diagram of the four-element phased array receiver [Grel8; Grel7.
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Figure 3.8 Die photo. The total areais 3mm x 1.3 mm [Grel8; Grel7].

Figure 3.9 Measured S-parameters compared to simulated results for element one of phased
array for the 0-degree phase setting [Grel8; Grel7.
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Table 3.2 Measured performance summary for a single channel of the 60GHz phased array

Technology 130nm SiGe
3dB bandwidth 10GHz (60 70GHZz)
Gain 14dB
RMS amplitude error <0.4dB
Noise Figure 6dB*
Power consumption 52mW per element
Number of bits 6
Phase error <6
oP1dB 19.5dBm
Chip area (with pads) 3.9mm 2
"Simulated

Figure 3.10 Stack-up of printed-circuit board.
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Figure 3.11 HFSS simulation of G-S-G wirebonds.

able of mm-wave signals, therefore wire-bonding is used for all mm-wave and DC signals.
However, to reduce the lengths of the mm-wave wire-bonds, and therefore reduce losses,

following steps are taken:

e The chipis placed in a cavity on board. The depth of cavity is approximately 10 mil,
close to the chip thickness of 11mil to bring the pads on board and pads on chip at

the same horizontal level.

» The fabricated die originally (4.75 mm X 4.75 mm) consisted of multiple test circuits
and break-outs surrounding the phased array. To bring the die edge close to mm-wave
pads on chip, the phased array (1.3 mm X 3 mm) is carefully diced out using a low

tolerance 45um curve ZH05-5D1500-NI-50 blade and ADT 7100 dicing saw 2.

2Chip dicing performed at Novus Energy Technologies, Raleigh, NC, USA
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Figure 3.12 EM structures for (a) antennas with feedlines; and (b) wire-bonds, compensation,
and CPW-to-microstrip transition.
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The board was design with the help of Dr. Dong Gun Kam and Haekya Seo 3. Ground-
signal-ground (G-S-G) wirebonds are used to connect the chip to the PCB. To capture
the affects of bond-wire, 1 mil Aluminum G-S-G wire bonds with an encapsulant are EM
simulated in Ansys HFSS. The encapsulant (Nusil R-2186) around the wire-bonded chip
provides physical protection, as well as its known dielectric constant allows more accurate
simulation of wire-bonding. The loop height and length are carefully controlled during wire-
bonding process to match the simulated conditions. A compensation network is included
on the PCB to resonate wire-bond parasitic inductance. Several techniques are available to
resonate the wire bond inductance in literature  [Zha09; Sunl11]. A fan-out structure and
coplanar waveguide (CPW) to microstrip transitions are implemented on board, as shown
in Fig. 3.12. Figs. 3.11 and 3.12b show the simulated wire-bond structure, sizes, and the
compensation network designed to resonate out wire-bond parasitic inductance. Due to
the low dielectric constant of Rogers' substrate (  , 2.2), and the minimum trace width  /s-
pacing requirements from board manufacturer, the coplanar wave-guide transmission
lines tend to be wider than G-S-G pads on chip. Hence, the mm-wave G-S-G signal from
chip transition onto a micro-strip transmission line while two side grounds via down to

ground plane. A fan-out design of feed-lines further help in transition.

3.3.3 Thinned Antenna-Array Design

The antennas are spaced at ,3 and 2 , as shown in Fig. 3.12a, to obtain minimum
redundancy in baselines ( u = 1). With minimum redundancy, four elements can provide
six different baselines and upto N =13 unigue complex visibility samples, corresponding to

a 13-pixel image, as described in detail earlier in section 3.2. The minimum and maximum

3Department of Electrical and Computer Engineering, Ajou University, Yeongtong-gu, Suwon, 443749
South Korea.
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spacing inthe x-directionare and 6 respectively, corresponding to an azimuthal eld of
view (FOV) of sin (1=2 u)= 30, aresolution (de ned as angular distance between
peak and rstnull) of sin (1=N u)=4.4, and a central beam-width of 8.8

Each antenna is a CPW-fed slot with separate ground planes, designed to take into
account the impact of ground-plane size on performance [Seolf(, carefully suppressing
surface waves. The antenna performance is especially sensitive to ground plane sizes and
feed-line lengths at these frequencies. Fig. 3.13 shows the Ansys HFSS simulated input
match and the E-plane antenna-gain patterns. These indicate that each antenna achieves

a uniform performance with gain matching to within 1 dB across the pattern.
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Figure 3.13 Simulated (a) input return loss and (b) gain radiation pattern (in dB, vstheta at phi
=0 deg., 60 GHz) for antennas.
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