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Phased array technologies has been in development for many decades but primarily in

defense industry with large complicated systems and excessively high cost. With the recent

advances in silicon chips and printed-circuit board (PCB) manufacturing, planar phased arrays

can be built on a PCB in a compact form with drastically lower cost. The new 5G communication

standards also utilize millimeter wave bands that require phased arrays with high effective

isotropic radiated power (EIRP) and beam steering capabilities. The 5G systems, with the fast

growing industry of satellite communications on-the-move, and millimeter wave automotive

radars used for self-driving technologies, contribute to a giant market in need of a large amount
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of low cost phased arrays. This dissertation focuses on such commercial-use phased arrays,

studies their artifacts and how to eliminate them, provides solutions to optimized phased-array

systems, and proposes calibration methods essential for their performance. First, it presents

the intersymbol interference (ISI) caused by the phased array when it is scanned with a simple

effective equalization scheme, and then, it presents a TX/RX phased-array system with a reduced

number of randomly distributed elements that is optimized for radar applications. This dissertation

also presents a new method for phased array calibration based on 2×2 sub-arrays that is more

robust across different scan angles and yields better performance while reducing the measurement

time. Finally, a method to measure the error vector magnitude (EVM) of the phased array in the

near-field is presented, which can be used to verify the calibration and performance of phased

arrays in communication systems when they are deployed in the field.
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Chapter 1

Introduction

1.1 Phased Arrays in 5G, SATCOM and Radar

As the internet, social networks and digital content become more and more important

part of people’s lives, our cell phones are becoming equipped with more and more functionality

and are starting to replace the role of traditional computers. This has led to a large demand

for a mobile communication network with a huge capacity and high bandwidth, and capable of

gigabit-per-second data transmission and low latency.

Since the first announcement in 2016 and initial deployment in 2019, the fifth generation

(5G) communication standard has been aimed to achieved the goals above. As shown in Fig.

1.1, The 5G standard will not only increase the link data rate, but will also integrate itself into

more aspects of our lives, such as Internet-of-Things (IoT) to connect more intelligent appliances,

and autonomous driving that allow for faster car-to-car communications and advanced safety

standards [1].

Numerous technologies has developed for 5G systems, including massive MIMO (multiple-

input multiple-output), millimeter-wave (mmWave) bands, beamforming, small cells, etc [11].

Although these technologies cannot be separated from each other in the development of 5G
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Figure 1.1: An overview of the 5th generation (5G) communication applications [1].

networks, this thesis will focus on two of them, millimeter-waves and beamforming, that are

related and even essential to research in phased arrays.

Traditionally, millimeter-wave spectrum is used mainly for defense applications and

ka-band satellite communications. The previous generations of mobile communications utilize

frequency bands under 6 GHz (sub-6 GHz bands), and part of the 5G standard for the first

time incorporates mmWave spectrum into mobile communications. Millimeter-wave frequency

bands have the advantage of higher waveform bandwidth for the same relative bandwidth, and

is essential to achieve gagabit-per-second wireless transmission. However, due to the higher

frequency and the antenna aperture size with respect to the wavelength, signals at millimeter

waves experience drastically higher space loss compared to sub-6 GHz bands, which necessitates

antennas with high directivity and large effective isotropic radiated power (EIRP) to compensate

for the increased space loss. The millimeter-wave antennas also have beamforming capabilities to

focus the radiated power on end users, and hence the introduction of phased array systems, also

know as active electronically steered array antennas (AESA), to 5G systems.

Millimeter-wave 5G bands have been deployed in the United States and licensed all over

the world and mainly range from 24 to 29 GHz and from 37 to 40 GHz, with the U.S. and
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Figure 1.2: Licensed 5G millimeter-wave bands around the world [2].

Canada also sharing allocation from 64 to 71 GHz for unlicensed spectrum (Fig. 1.2) [2]. Note

that a large portion of the 5G bands reside in the sub-6 GHz frequencies. Both Sub-6 GHz and

millimeter-wave bands will likely co-exist and are important parts of the 5G networks as the sub-6

GHz bands provide better coverage and millimeter-wave bands deliver the best performance. The

research in this thesis mainly focuses on the phased arrays designed to operate at 24-29 GHz but

the findings can be applied to other frequencies as well.

A large effort has been done by industry to develop antennas and active phased-array

systems for cell phones and base stations. Fig. 1.3 presents a prototype cell phone with three

2×4 phased array units placed at different locations (Qualcomm) [3], 5G integrated radio units

with 1024 antennas for base stations from Samsung [4], and a Nokia AirScale 28 GHz 5G Active

Antenna unit with two millimeter-wave phased arrays [5]. Several manufacturers have also

introduced cell phones equipped with millimeter-wave 5G to the consumer’s market, such as the

iPhone 13 and Samsung Galaxy S21, etc.

Even though millimeter-wave 5G or 5G in general is not yet the dominant technology for

mobile communications, it will grow into a market with the size comparable or even larger than

the current 4G market in the coming few years. With the huge number of users and devices, and
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(a) (b) (c)

Figure 1.3: (a) A Qualcomm’s cell phone prototype with 2×4 arrays for 5G communications [3]. (b)
Samsung’s mmWave 5G NR integrated radio unit with 1024 antennas [4]. (c) Nokia AirScale 28 GHz 5G
Active Antenna [5]

Figure 1.4: Starlink ku-band phased array for SATCOM and its interior PCB [6, 7].

a technology newly introduced to high-data rate communications, it is important to study and

understand the artifacts that come with certain usage scenarios, and find solutions to optimized

the performance of the phased arrays. Moreover, with the narrow beams inherent in phased arrays,

a target tracking algorithm is necessary for smooth operation, and an effective calibration method

is essential for accurate beam tracking and delivering good performance to millions of end users.

Therefore, these aspects of the phased arrays will be the focus of this thesis.

In addition to 5G, low earth orbit (LEO) satellite communications is another force pushing
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Figure 1.5: (a) Radiation mask for Ka-band SATCOM on top of patterns of 32×32 and 64×64 phased
array patterns with -30 dB Taylor taper. (b) FCC Radiation mask for Ka-band SATCOM antennas [8].

the development of commercial phased arrays, and with the most notable example being the

Starlink systems operated by SpaceX [6, 7]. Starlink has already launched over 1800 satellites

and aims to have tens of thousands of satellites in orbit. Internet service is now available to users

for 99 US dollars a month and a one-time payment of 499 dollars for the hardware [12]. Along

with other companies following suit, SATCOM will be another large market for phased arrays.

The necessity of calibration of phased arrays used in SATCOM lies in the stringent

radiation mask requirements [8]. The beam width and sidelobe levels of the patterns are strictly

regulated by the Federal Communications Commission (FCC) and require aggressive tapers on

the apertures and accurate calibration to meet the requirements. Fig. 1.5 presents the radiation

mask and simulated patterns for a 32×32 and 64×64 array with -30 dB Taylor taper applied. For

the 64×64 array, the pattern barely meet the FCC regulation even with -30 dB Taylor taper, and a

5



Figure 1.6: An NXP 77-GHz phased array for automotive radar [9].

phased array with at least 4000 elements is required for the narrow beam width.

Another important application for millimeter-wave phased arrays is automotive radar. Fig.

1.6 shows a 77 GHz radar module made by NXP [9]. With the current research and investment

in autonomous driving, complicated millimeter-wave radar modules together with powerful

processing units are expected to be introduced in future vehicles, and provide both high resolution

and long range object detection. In addition to well calibrated phased arrays required for high

performing radar systems, the thesis also presents an optimized radar systems with reduced

elements and cost, which still delivers the required performance for automotive radar.
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1.2 Thesis Overview

This thesis presents studies on millimeter-wave low cost planar phased array that can

be used for 5G communication, SATCOM, and radar applications, and several methods for

calibrating and optimizing the systems with these phased arrays.

Chapter 2 presents the Intersymbol interference (ISI) that is introduced in a phased array

when the beam is scanned. The cause of the ISI is demonstrated and its dependence on the phased

array dimensions, scan angle, and symbol rate is derived. A mathematical model is created to

simulate the ISI effects on transmitted (or received) symbols, and an equalizer model is introduced

and achieves near-perfect equalization of the ISI. Also, for wideband signals, it is shown that

large phased-arrays result in amplitude modulation versus frequency. The effect of ISI on the

error vector magnitude (EVM) is simulated using complex modulated signals, and the EVM

before and after equalization are compared, using an adaptive 17-tap linear equalizer implemented

in MATLAB. The results show that ISI in large phased arrays can be equalized regardless of

the modulation, bandwidth, scan angle and symbol rate. The EVM of 16-, 64- and 256-QAM

signals are measured for a 256-element array in the transmit mode. The measurements verify

the derivations, eliminating ISI and resulting in low EVM values after equalization. The effect

of array tapering on EVM is also presented and the results show no difference on the EVM for

uniform and tapered excitation.

Chapter 3 presents a novel approach for radars with greatly reduced number of elements

while still keeping narrow beamwidths and low sidelobe levels. The design is based on thinned

transmit (TX) and receive (RX) arrays, each one randomized in an orthogonal fashion, such that

the high sidelobes in one pattern (TX or RX) are greatly reduced by nulls in the other pattern

(RX or TX). The goal is to build communication arrays and radars with narrow beamwidths but

with one half or one quarter of the elements in the TX and RX arrays. This approach lowers the

cost of large-aperture systems typically requiring hundreds or thousand of elements, while still

7



keeping a high degree of fidelity in the patterns (beamwidth, sidelobes, and scan volume). The

thinned-array impact on the transmit effective isotropic radiated power (EIRP), receive gain, and

16 and 64-QAM EVM versus radiated power are also considered in this paper. These concepts can

be applied to 24 GHz and 77 GHz automotive radars for collision avoidance and imaging systems,

and in X, Ku and Ka-band air-to-air due-regard radars, landing systems and other applications.

Chapter 4 presents a new method for phased-array calibration, and is particularly suited

for large phased-arrays. Different than the traditional calibration method where each antenna

element is measured one-at-a-time, this method measures quad unit cells (2×2 antennas), with

the quad calibration procedure applied on the whole array. Another correction may also be done

inside a single quad to determine the variations within the quad. The method results in better

signal to leakage ratio (12 dB higher dynamic range), is four times faster than the traditional

method, and most important, removes the pattern ripples when a single element is turned on,

thus reducing the required variable gain amplifier (VGA) dynamic range for array calibration.

The work also shows that the traditional method converges to the quad-method if measured

individually and averaged mathematically. A 256-element 5G phased-array is calibrated at 27-28

GHz using this technique, and results in better calibration and sidelobes than the traditional

method. The 2×2 quad-calibration method can also be applied to satellite phased-arrays and

other large phased-array such as radars and mm-wave imaging systems.

Chapter 5 presents a method of measuring the error vector magnitude of the phased array

utilizing the mutual coupling between antennas. This chapter is an extension of the built-in-

self-test (BIST) calibration which calibrate the amplitude and phase of each channel using the

mutual coupling symmetry, and great success has been demonstrated [13]. The measured EVM

of complex modulated signals is an important metric showing the performance of phased arrays

used for communication applications. With the fast growing market in millimeter-wave 5G and

SATCOM, it becomes impractical to measure every arrays in the far-field due to cost and time

constraints. Therefore, a near-field measurement that uses the TX and RX channels of the array

8



itself provides a good way to verify the array performance in large volume. In this chapter, a

4×8×8 28-GHz TX/RX phased array is used for EVM measurement. The array is consist of 4

quadrant each with independent RF input/output and can be set to TX or RX mode individually.

One quadrant is set to TX mode as the "quad under test" and another adjacent quadrant is set to

RX probes. The near-field results are compared to the far-field one and show close trend with

differences caused by the linearity of the RX channels.

Chapter 6 concludes the dissertation and discusses future work.
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Chapter 2

Intersymbol Interference and Equalization

for Large 5G Phased-Arrays with Wide

Scan Angles

2.1 Introduction

Recent advancements in the fifth generation (5G) millimeter-wave communication systems

with multi-gigabit-per-second data links have encouraged the development of highly integrated,

low-cost phased array systems [14–29]. To overcome the increased path loss of millimeter-wave

signals, a large phased array with 128 to 512 elements and high equivalent isotropic radiated

power (EIRP) is desired. To compensate the narrow beamwidth resulting from large apertures and

also to increase the coverage area, the phased array needs to be able to scan to wide angles. This

article investigates the distortions created by a phased array under wide scan angle conditions.

Both intersymbol interference (ISI) and amplitude modulations are demonstrated, with a focus on

the ISI, which becomes more prominent with larger array size and scan angle.

Previous works have studied the ISI effects and its equalization in a communication
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systems [30–40]. This work, which is an expansion of [10], focuses on the ISI created by the

phased array itself, and its effect on the error vector magnitude (EVM) of modulated signals. A

solution consisting of a multi-tap linear equalizer is proposed and analyzed, and it is demonstrated

that even the most serious ISI can be equalized, resulting in low EVM values and excellent

performance over all scan angles. Section II demonstrates the cause of the ISI in a phased

array and its relation to the array size, scan angle and symbol rate. Section III discusses the

amplitude modulation over a wideband spectrum when the phased array is scanned. Section

IV presents simulations on the effects of the ISI on the transmitted signals and analytically

provides an equalizer model as a solution. Section V presents the simulated effects of ISI and

equalizers on phased-array EVM. Section VI presents measurements that verify the calculations

and simulations, and section VII concludes the paper.

2.2 ISI in Phased Arrays When Scanned

Fig. 2.1(a) presents a typical 256-element phased-array used for 5G base-stations. The

array is composed of 16x16 antennas spaced at 0.5λ and can scan to ±60◦ in all planes. This

array employs the RF beamforming architecture, but the analysis in this work applies equally for

arrays using the LO and IF beamforming techniques [16–18]. The effect of the time-delay of

the received (or transmitted) signals between different antenna elements is shown in Fig. 2.1(b).

When the phased array is scanned to an angle θ0, the plane wave results in a finite time delay

between the antenna elements. In the receive mode, when the 256 signals are added together in

the Wilkinson combiner, the symbols overlap with each other and cause ISI. In the transmit mode,

the transmitted signals (i.e. waveforms) add in the direction of propagation with a finite delay and

therefore also cause an ISI at the receive antenna. The effect of ISI on symbols is presented in

Fig. 2.1(c). It is clear that when two symbols overlapping with each other are combined, the signal

amplitudes at the sample points change, which can increase the EVM of amplitude-modulated
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Figure 2.1: (a) A 256-element phased-array using RF beamforming (from [10]). (b) Demonstration of
time-delay between antenna elements in a 16x16 28-GHz phased array (from [10]). (c) Demonstration of
intersymbol interference.

signals.

The time delay between neighboring antennas in the azimuth-plane is calculated as [41]:

T Delement =
del× sin(θ0)

c
= 15 ps (2.1)
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where del is the spacing between the antennas, c is the speed of light and θ0 = 60◦. The maximum

time delay between antennas at two edges of the phased array is:

T Darray =
(N−1)×del× sin(θ0)

c
= 225 ps (2.2)

where N is the number of elements in the scan plane (N = 16 in this case). The delay and

resulting ISI increase linearly with the number of elements and is 225 ps from edge-to-edge

for a 256-element array (16x16 antenna elements). For an 100-MBaud modulated signal, the

unit symbol interval is 10 ns, and the edge-to-edge time delay is at maximum of 2% of the

symbol interval, and does not cause significant EVM degradation. However, the symbol interval

is inversely proportional to the signal bandwidth, and the 225 ps delay results in an ISI of 20%

of the symbol interval for a 1-GBaud waveform. With wide bandwidths required for modern

communication systems, such an ISI can result in high EVM and unusable signals.

Since the ISI created by such time delay is linear to antenna positions, it can be equalized

using a linear multi-tap equalizer in the transmit (TX) or receive (RX) modem with simple

zero-forcing (ZF) or minimum mean-square error (MMSE) algorithms, resulting in very low

EVM after equalization and demodulation.

Fig. 2.2(a) presents MATLAB simulated EVM values versus the ISI percentage for 16,

64, and 256-QAM waveforms. The ISI percentage is defined as the time delay between 2 edges

of the array (T Darray) over a symbol period, given by [42]:

ISI% = 100×Symbol Rate×T Darray (2.3)

The EVM values first increase linearly with the ISI and then saturate at different ISI percentages.

The EVM of the higher-order modulations saturates quickly because of the smaller distances

between the symbols in the constellations, and the plateaus are caused by one symbol being

recognized as another symbol. Note that this results in a higher bit-error-rate (BER), as shown in

13
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Figure 2.2: Simulated (a) EVM, (b) BER, for different modulation formats versus ISI percentage in terms
of symbol period. ISI is defined from edge-to-edge in a phased arrays.

Fig. 2.2(b), but not necessarily a higher EVM, but still, EVM is used here as a measure of fidelity

as it will always be reduced to low levels after equalization. Note that an edge-to-edge ISI of

4.5%, which is an ISI of 0.3% between adjacent antennas in a 16×16 array, can cause a 3% EVM,

which results in significant distortions on both the 256-QAM and 64-QAM waveforms.

2.3 Far-Field Amplitude Modulation of Wideband Signals In

Phased Array when Scanned

In addition to ISI, a phased array also causes amplitude modulation in the far-field at wide

scan angles. Due to the use of phase-shifters on every element (as opposed to true-time-delay

units), the energy of a wideband signal with frequencies given by fmin, f0, fmax are radiated to

slightly different angles given by θmax, θ0, and θmin, respectively. This phenomena is labeled as
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Figure 2.3: (a) Beam squint in phased array when scanned. (b) Expanded view of patterns at ±400 to
±1000 MHz from center frequency. (c) Amplitude modulation caused by beam squint versus frequency
offset from the center frequency at different scan angles. Simulated on a 16×16 array.

beam squint and θ is given by:

θmin,max = sin−1(
f0 sin(θ0)

fmax,min
) (2.4)

Depending on the array size, bandwidth and scan angle, the energy radiated to different

directions will cause a decrease in signal amplitude in the desired scan angle θ0, creating amplitude
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modulation versus frequency. Fig. 2.3(a) presents the simulated patterns of a 256-element phased

array centered at 28 GHz and scanned to 60◦ for a 1600 MHz bandwidth signal at 27.2 GHz, 28

GHz and 28.8 GHz. Fig. 2.3(b) presents an expanded view of the patterns around 60◦. It is shown

that the directivity drops by 4 dB following an element factor of cos(θ)1.3 common in microstrip

patch antennas. At a look angle of 60◦, beam squinting causes a dip of 0.55 dB and 0.6 dB at 27.2

GHz and at 28.8 GHz, respectively. The amplitude modulation caused by beam squint versus

bandwidth and scan angle is given by:

∆G =
sin(0.5Nkdel(sin(θ0)− sin(θsquit)))

N sin(0.5kdel(sin(θ0)− sin(θsquit)))
(2.5)

where k is the wavenumber at f0, and θsquint is a function of frequency f and can be calculated

using (2.4) by replacing fmin or fmax with f . For a 2-GHz bandwidth and 60◦ scan angle, the

amplitude modulation is 0.95 dB at fmin and 0.8 dB at fmax. Note that the amplitude modulation

versus frequency offset (or signal banwidth) is deterministic and well-behaved and can be easily

compensated using a 2nd or 3rd-order polynomial with the opposite trend in an equalizer or using

digital predistortion. Even if non-compensated, an amplitude variation of ±0.2-0.5 dB versus

waveform bandwidth has a minor effect on the EVM for a 64-QAM waveform.

2.4 Equalization of ISI

Fig. 2.4 presents the block diagram used in MATLAB Simulink for simulating the ISI in

a phased array. A 16×16 array is modeled for an azimuth-plane scan of θ0, and therefore, 16

channels are used to simulate the different delays encountered by the columns in the array. A

single discrete impulse signal preceded and followed by zeroes is generated first for simplicity.

The discrete signal is up-sampled and passed through a TX root-raised-cosine filter. A 0◦-360◦

phase shifter, equivalent to 0-33 ps time delay at 30 GHz, with phase state corresponding to

the desired scan angle is added to each channel, and its delay is included in simulations. Note
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Figure 2.4: (a) Block diagram for MATLAB Simulink ISI simulations and (b) equalizer with 17-taps and
weights.

that any phase state above 360◦, or 33 ps, is wrapped around 0 due to the limited range of the

phase shifters. The signal is then combined in free space using an ideal summer, passed by a RX

pulse-shaping filter, and down-sampled to its original form of discrete symbols. An equalizer

block is then added to analyze the effectiveness of equalizing the array-induced ISI. The equalizer

is shown in Fig. 2.4(b) and is a linear 17-tap design with the following characteristics: Input

signal X with unit delay T between the symbols are added with different weights W to produce

an output equalized signal Y . T is the symbol period and depends on the waveform baud rate.

The equalizer tap weights, W , are calculated using minimum mean-square error (MMSE) method,

which minimizes the mean-square error of the signal created by ISI. A 17-tap equalizer is used

because the phased-array creates 16 different delays in azimuth-plane scan. The number of

equalizer taps can also be reduced for ease of use.
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Figure 2.5: (a) The impulse signals after upsampled, passed through a TX root-raised cosine filter and the
phased array channels. (b) Combined delayed symbols and their sampling points.

Fig. 2.5(a) presents the delayed symbols after passing by the TX pulse-shaping filter and

the 16-channels in the phased-array, done for a symbol rate of 1600 MBaud (symbol period of

625 ps). Symbols from only 5 channels are shown for clarity. The phased-array is scanned to 60◦

and the edge-to-edge delay is 200 ps, and is 32% of the symbol period. Fig. 2.5(b) presents the

upsampled symbols added in free space (or at phased-array sum port) and corresponding sampling

points. The sampling points show non-zero amplitude for symbols other than the impulse. The

combined downsampled signal is presented in Fig. 2.6(a), with the distortions created by ISI

clearly visible in the resulting impulse response. The distorted symbols are then passed through

the 17-tap equalizer, with tap weights shown in Fig. 2.6(b).

The tap weights are calculated using MMSE method as [43]:

W = R−1
xx Rxy (2.6)
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Figure 2.6: (a) Combined down-sampled discrete symbols after passed through RX root-raised cosine
filter. (b) Equalizer tap weights. (c) Equalized symbols by convolution between (a) and (b).

where W is a vector with length equal to 17. Rxx is the autocorrelation matrix of the input signal

X given by

Rxx = XT X , (2.7)

Rxy is the cross-correlation vector given by

Rxy = XTY, (2.8)
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where Y is the desired output signal. The input signal matrix X is defined as:

X =



x(−N) 0 0 · · · · · · 0 0

x(−N+1) x(−N) 0 · · · · · · 0 0
...

...
...

x(N) x(N−1) · · · · · · · · · x(−N+1) x(−N)

...
...

...

0 0 · · · · · · 0 0 x(N)


(2.9)

where N = (# o f taps−1)/2. X represents a series of symbols with different indices passing

through the equalizer at different times. The output vector Y is defined as:

Y =



y(−2N)

...

y(0)
...

y(2N)


(2.10)

where

y(k) =


1 f or k = 0

0 otherwise
(2.11)

and is used to calculate the equalizer tap weights so as to recover the ideal transmitted signal.

The convolution of the distorted symbols in Fig. 2.6(a) and the tap weights in Fig. 2.6(b)

produces the equalized signal in Fig. 2.6(c), which closely matches the ideal transmitted signal.

The results show that ISI created in a 256-element phased-array can be equalized using a simple

MMSE equalizer model, even with a 1600 MBaud symbol rate at 60◦ scan. A zero-forcing

equalizer model was also used and produces the same results, and is not shown for brevity.

The number of equalizer taps can be reduced for ease of use. Fig. 2.7(a) presents the

tap weights of a 9-tap equalizer used to equalized the same 1600-MBaud signal at 60◦ scan.

The resulting equalized symbols also show a good match with the transmitted symbols but with
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Figure 2.8: A 2-D array with radiation at any scan angle (θ0,φ0).

slightly higher errors compared to using a 17-tap equalizer. The root-mean-square error of the

equalized symbols is 0.0031, and the resulting EVMRMS is 0.5% for a 64-QAM waveform,

calculated using [44]:

EV MRMS =

√
1
N ∑

N
n=1 err[n]2

RMS o f Constellation
×100% (2.12)

The case where the array is scanned to an arbitrary angle (θ0 and φ0) is now presented in

Fig. 2.8. The maximum time delay with respect to angle θ0 and φ0 is given by [41]:

T D(θ0,φ0) =
L(φ0)× sin(θ0)

c
(2.13)
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Figure 2.9: The delayed impulse signals after passing through the 16×16 phased-array channels for
radiation in the diagonal plane.

where L is the phased-array length in the scanning plane, and is:

L(φ0) =
√

Dx2 +(Dy|tan(φ0)|)2 (2.14)

for −45◦ < φ0 < 45◦ or 135◦ < φ0 < 225◦, and

L(φ0) =

√
(

Dx
|tan(φ0)|

)2 +Dy2 (2.15)

otherwise, and Dx and Dy are the array lengths in X and Y directions, respectively. Fig. 2.9

presents the delayed signals with 1600-Mbaud symbol rate when the phased-array is scanned

to 60◦ in the diagonal plane. 31 samples of delayed signals are created by the 256-element

phased-array. Because the numbers of antennas in the diagonal columns (projected on the plane

of propagation) increase from 1 antenna at the array corner to 16 antennas at the center, and back

to 1 again at the other corner, the amplitudes of the signals also increase linearly from the corner

towards the center, and then decrease towards the corner again. Only 7 samples are plotted for

clarity. The combined distorted impulse response is plotted in Fig. 2.10(a). Following the same

procedures for scanning in the azimuth plane, the tap weights of a 17-tap equalizer are presented

in Fig. 2.10(b). Since the effective antenna spacing in the diagonal plane (L(φ0) in (2.14) and
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Figure 2.10: (a) Combined down-sampled discrete symbols with diagonal-plane incidence after passing
through a root-raised-cosine filter. (b) Equalizer tap weights. (c) Equalized symbols by convolution
between (a) and (b).

(2.15) divided by 31 diagonal columns) is smaller, and the center column contribute to the highest

weight of the signal amplitude, the signal with 31 delays can be equalized with the same 17-tap

equalizer, and result in very small distortions (Fig. 2.10(c)). For completeness, the diagonal plane

was also analyzed with a 31-tap equalizer and the EVM values were essentially the same as the

17-tap equalizer.

2.5 EVM Simulations

The EVM of a complex modulated signal before and after equalization is obtained using

MATLAB Simulink with the block diagram shown in Fig. 2.4 and procedures described in
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Figure 2.11: Simulated EVM versus scan angle of 16-QAM waveforms of azimuth-plane incidence: (a)
without equalizer, (b) with equalizer. Diagonal plane incidence: (c) without equalizer, (d) with equalizer.

section IV. Random symbols with quadrature amplitude modulation (QAM) are generated and

passed through the phased-array. A 17-tap linear adaptive equalizer block is added at the end,

which changes the tap weights adaptively based on the input signal and the training signal. The

equalizer taps are symbol-spaced with a tap-weight resolution of 0.01, and 10% of the ideal QAM

waveforms are used for training.

Fig. 2.11 presents the EVM of a 16-QAM waveform versus scan angle at different symbol

rates before and after equalization. Fig. 2.11(a) and (b) plot the results when the phased-array is

scanned in the azimuth plane and Fig. 2.11(c) and (d) in the diagonal plane. For scanning in the

azimuth plane, the EVM increases almost linearly with scan angle, only starting to saturate at 45◦

scan for 1600-MBaud waveform. After equalization, the signals present near-zero EVM across all

scan angles. In the case of scanning in the diagonal plane, higher ISI is present in the combined

signals, and the EVM starts to saturate, at 30◦ scan for a 1600-MBaud waveform. Although the

high EVM at 60◦ scan angle for 1600-MBaud signal cannot be perfectly equalized, the resulting

EVM is still very low.
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Figure 2.12: Simulated EVM versus scan angle of 64-QAM waveforms in azimuth-plane incidence: (a)
without equalizer, (b) with equalizer. Diagonal plane incidence: (c) without equalizer, (d) with equalizer.

The same results for 64-QAM signals are plotted in Fig. 2.12. For signals with lower

bandwidth, the EVM increases almost linearly with scan angle. However, due to the symbols

closer in the 64-QAM constellation, the EVM for waveforms with higher bandwidths saturate

earlier than 16-QAM cases. The 17-tap equalizer also produces near-zero EVM for all cases (<

0.5% in the diagonal plane). By using a 31-tap equalizer, almost perfect equalization and EVM <

0.1% can be achieved across all scan angles, and the results are not shown for brevity. The results

show that the ISI created by a phased-array when scanned is independent of the modulation, and

all types of signals can be equalized.

Fig. 2.13 presents the simulated EVM values of equalized 64-QAM waveforms using

a 9-tap equalizer, in both azimuth-plane and diagonal scan. The 9-tap equalizer successfully

equalizes the ISI in most cases, resulting in sufficiently low EVM values (< 1%) for 64-QAM

waveforms, except for the case of 1600-MBaud signals scanned to 60◦ in the diagonal plane.

However, the overall equalized EVM values are high compared to using a 17-tap equalizer, which

results in near-zero EVM. In general, it is best to use an equalizer with a number at least equal to
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Figure 2.13: Simulated EVM versus scan angle of 64-QAM waveforms equalized with a 9-tap equalizer
in (a) azimuth-plane scan, (b) diagonal scan.
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Figure 2.14: Simulated EVM versus scan angle of 64-QAM waveforms in azimuth-plane scan: (a) SNR =
30 dB versus symbol rate without equalizer, (b) SNR = 30 dB versus symbol rate with equalizer, (c) 800-
MBaud waveform versus SNR without equalizer, (d) 800-MBaud waveform versus SNR with equalizer.

the largest columns (or rows) in a phased-array.

To simulate the effect of noise on the equalizer, additive white Gaussian noise is used in

the model. Fig. 2.14(a) and (b) present the simulated EVM of 64-QAM waveforms with SNR

= 30 dB versus scan angle and symbol rate, without and with a 17-tap equalizer, respectively.

Compared to the ideal situation without noise (Fig. 2.12(a) and (b)), the EVM starts at higher

values at 0◦ scan but saturates at almost the same levels at 60◦. The equalized EVM remains flat

for all scan angles, and the values are limited by the SNR at 3%. Fig. 2.14(c) and (d) presents
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Figure 2.15: Simulated 16-QAM constellations when maximum ISI is (a) 0%, (b) 15%, (c) 30%, and
64-QAM constellations when maximum ISI is (d) 0%, (e) 15%, (f) 30%, with SNR = 30 dB

the EVM of 800-MBaud signals versus scan angle and SNR. It is obvious that SNR primarily

affects the EVM when the ISI is small, and is a limiting factor on the best EVM achievable by the

equalizer. In other words, the equalizer can only reduce the ISI but cannot alter the effects of the

additive noise. The tap weights with added noise remain the same compared the ones calculated

using MMSE method. Therefore, the same equalizer model can be applied to reduce the ISI

regardless of the noise level.

Fig. 2.15 presents the constellations of 16-QAM and 64-QAM signals with SNR = 30 dB

for different ISI values, where the yellow dots represent symbols before equalization and blue

dots after equalization. The constellations visualize the increase in the EVM when the scan angle

and symbol rate increase, and excellent equalization is achieved for all cases.

2.6 Measurements

A 256-element Ka-band phased-array is used as a demonstrator (Fig. 2.16(a) [10]). The

phased-array is based on commercial 2×2 TX/RX beamformer chips, and all elements are

combined using a 64:1 Wilkinson network, with a symmetrical and equi-distant layout between

the phased-array common RF port and each of the beamformer chips. Furthermore, the 2×2
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Figure 2.16: (a) A 256-element Ka-band phased-array using 64 2x2 beamformer chips and stacked-patch
antennas (from [10]). (b) Measured EIRP at P1dB and Psat (from [10]). (c) Measured H-plane (azimuth)
scanned patterns to ±60◦ at 27 GHz with 10-dB raised-cosine taper (from [10]).

beamformer chips are connected to the antennas using a symmetrical feed network, thereby

ensuring uniformity throughout the entire phased array. This architecture has been presented

before and is not repeated here for brevity [20], [22], [24–28]. The antennas are dual-stack

microstrip patch antennas with probe feeds, and the chips are placed on the back side of the

printed-circuit board (PCB). Details of the Renesas TX/RX 5G beamformer chip (F5280), printed-

circuit board and phased-array antenna performance are presented in [10].

The 256-element phased-array was calibrated by measuring the S21 for each antenna

element (turned on individually) in a far-field antenna chamber. Then the differences in S21

between the elements were compensated by using element-level gain and phase control [22],

[28, 29]. The calibration results in an RMS amplitude error of 1 dB and an RMS phase error of

7.2◦.

Complex modulation measurements were performed on the 256-element array in the TX

mode with the measurement setup shown in Fig. 2.17(a). A Keysignt M8195 arbitrary waveform

generator (AWG) is used to generate 16-, 64- and 256-QAM modulated waveforms at 27 GHz
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Figure 2.17: (a) EVM measurement setup for the Ka-band 16x16 phased-array. (b) Measured EVM versus
EIRP at 27 GHz with 64-QAM 200 MBaud modulation at normal incidence (from [10]).

Table 2.1: Setup EVM for System Measurement

Modulation 200 MBaud 400 MBaud 800 MBaud 1600 MBaud
16-QAM EVM 1.90% 2.17% 2.54% 3.13%
64-QAM EVM 1.85% 2.22% 2.60% 3.20%
256-QAM EVM 1.99% 2.20% 2.53% N/A

with a pulse shaping filter of α = 0.35, resulting in a peak-to-average power ratio (PAPR) of

6.6-7.7-8.2 dB. The signal is then amplified, and the power at the phased-array input port is

adjusted using an attenuator. The EVM of the instrumentation system (up to the phased-array

input) measured with equalizer is summarized in Table 2.1.

A standard gain horn antenna is used on the RX side, and the signal is demodulated

using the Keysight DSOZ632A 63-GHz oscilloscope running the Keysight 89600 Vector Signal

Analysis (VSA) software. The equalizer tap number is set to 40 in the setting of the VSA software.

Fig. 2.17(b) presents the measured phased-array EVM versus EIRP at normal incidence for a

27 GHz 64-QAM waveform. At an EIRP of 48 dBm (15 dB backoff), the output signal of the

phased-array has high signal-to-noise-and-distortion ratio (SNDR) that yields optimal EVM
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Figure 2.18: Measured EVM versus scan angle without and with equalizer of (a) 16-QAM, (b) 64-QAM,
and (c) 256-QAM waveforms at EIRP = 48 dBm.

values of 2%. At this EIRP level, the power received by the DSO is -7 dBm, which is sufficient

for accurate detection as the DSO can demodulate a -40 dBm 200 MHz waveform at 30 GHz

with < 1% EVM. All measurements are done at a center frequency of 27 GHz.

Fig. 2.18(a) presents the measured EVM RMS values for 16-QAM waveforms versus

scan angle at different symbol rates. The measurements without the equalizer is performed by

first running the equalizer at broadside, where no ISI is introduced by scanning, to take into

account and normalize out the AWG, amplifier and cable loss frequency response. The system

EVM, including the phased-array and DSO scope, starts at 2% for 200 Mbaud and is 3.8% at

1600 MBaud. Then the equalizer values are set on hold and the array is scanned.

As expected, the measured EVM increases both with scan angle and symbol rate. The

measured curves do not match the simulated curves exactly because of other non-ideal effects

in the phased-array and the measurement system setup, both of which are not modeled in the

simulation. The EVM of the equalized signal in Fig. 2.18(a) remains constant across scan angles,

which demonstrates that the ISI is eliminated by the equalizer, and the EVM for different symbol

rates is solely determined by the system setup. Fig. 2.18(b) and Fig. 2.18(c) present similar

results but for 64- and 256-QAM waveforms, respectively, and verify that the ISI introduced
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Figure 2.19: Measured constellations of 1600 Mbaud 16 and 64-QAM signals at different scan angles
with and without equalizer (EIRP = 48 dBm).

by phased-array scanning can be equalized regardless of the modulation type. The 256-QAM

1600-MBaud waveforms cannot converge on the DSO and therefore results of 100 to 800-MBaud

waveforms are shown. The measured constellations of 16- and 64-QAM waveforms with 800-

and 1600-MBaud symbol rates at different scan angles are presented in Fig. 2.19. It is clear that

the constellations remain the same with small errors for all cases with the equalizer.

The effect of phased-array tapering on EVM is also investigated. Fig. 2.20 presents the

EVM of a 400-MBaud 64-QAM waveform with two levels of raised-cosine taper applied to

the phased-array, compared to uniform excitation. Note that a taper is basically equivalent to

a diagonal-plane scan, and can be easily equalized. All three curves, both with and without

equalization, match with each other, and shows that amplitude tapering has no effect on the

phased-array EVM.
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2.7 Conclusion

This paper presented the intersymbol interference created by a phased-array when scanned,

which increases with symbol rate and scan angle and degrades the system EVM. It is shown that

5G phased-arrays do not need to employ complex and expensive TTD (true-time delay units),

and 64-QAM and 256-QAM waveforms can be equalized using an N-tap equalizer. The equalizer

can be implemented at baseband, or as commonly done today, in the modem using digital-signal

processing. Measurements on a 16×16-element array with 200-1600 MBaud 64-QAM signals

prove the validity of the analysis and excellent EVM is achieved over all scan angles with

equalization.
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Chapter 3

System-Level Analysis and Measurements

of Thinned Randomized 27-29 GHz TX and

RX Arrays for 5G Communications and for

Radars with Low Sidelobe Levels

3.1 Introduction

Microwave and millimeter-wave radars are an essential component of automotive sensors,

and of any air-to-air collision-avoidance sensor suite. For automotive systems, the radars are built

using few transmit and receive antennas (4 to 16), and digital beamforming is used to determine

the angle of arrival of several targets (vehicle and pedestrian radar returns). For such applications,

it is imperative to build systems with low sidelobe levels so as to have high discrimination between

the targets and clutter. On the other hand, air-to-air radars typically employ a much larger number

of elements (64 to 1024) due to their longer range and higher performance requirements [45], [46],

but still have stringent requirements on sidelobe levels (Fig. 3.1(a)). These arrays are also used
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Figure 3.1: (a) Illustration of thinned randomized array, and simulated patterns of arrays with R f ill = 1,
0.5, 0.25 at (b) broadside, (c) 50◦ scan.

for mm-wave 5G communication systems at 24-29 GHz and 37-42 GHz and any reduction in the

number of array elements can also be very beneficial for system cost.

Lately, advances in SiGe and CMOS technologies have allowed for a drastic reduction in

the cost of transmit/receive modules, and silicon chips with multiple channels are now available at

low cost for X, Ku, Ka-bands, and for automotive radars at 24 GHz and 77 GHz [16,19,24,47–49].

Still, it is hard and relatively expensive to build imaging radars and large 5G communication

arrays containing hundreds and even thousands of elements, especially for automotive applications

where cost constraints are severe. The use of randomized grouping of elements and of overlapping

sub-array techniques have been proposed to reduce the number of elements in a large aperture,
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and to lower the cost of phased-arrays [50]. These solutions typically come with limited scan

range which may not be allowed for large-volume scans.

This paper investigates the use of thinning and randomized arrays to greatly reduce

the cost of large-aperture radars while still keeping high system performance. Thinning has

been previously investigated, and results in increased sidelobes and reduced antenna gain and

requires various optimization algorithms to maintain well-control sidelobe levels [51–55]. For

communication systems, the increase in sidelobe levels may not meet the requirements for

SATCOM and for base-stations applications. However, if applied correctly, thinning can result in

an excellent solution for radars and 5G communication systems while still keeping a high fidelity

for the main system parameters, such as bandwidth, beamwidth, sidelobes and scan volume.

3.2 Thinned Randomized Arrays

Fig. 3.1(a) presents 256-element antenna arrays spaced at 0.5λ in the x and y directions,

but randomly thinned for an effective filling factor of 50% and 25% (R f ill = 0.5 and 0.25).

The thinned arrays occupy the same area as the filled arrays as this is important for the 3-dB

beamwidth. The random arrays are generated by starting with a 256-element array, randomly

removing a set number of elements in the array, resulting in a remaining elements of 256×R f ill ,

and simulating the patterns of generated arrays. In general, 5000-10,000 configurations are done

in MATLAB and the random arrays with better sidelobes at broadside are selected. The patterns

for R f ill=0.5 and 0.25 and shown in Fig. 3.1(b) and (c) at broadside and for a scan angle of 50◦

in the azimuth plane (due to randomization, the vertical plane scans result in similar patterns

and is not shown). Note that the main beam is unaffected by the array thinning even with R f ill

= 0.25. Also, grating lobes do not appear for any scan angle. For R f ill = 0.5, and for the best

MATLAB-generated configuration, the maximum sidelobe level across the 2-D pattern is -15.5

dB and is lower than the typical -13.6 dB found for a uniformly-illuminated array. For R f ill=0.25,
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Figure 3.2: Simulated 2-D pattern of 100% filled array at (a) broadside, (b) 45◦ scan, and 50% filled array
at (c) broadside, (d) 45◦ scan, and 25% filled array at (e) broadside, (f) 45◦ scan.

the maximum sidelobe level increases to -12.9 dB, but the peak sidelobe can appear anywhere

in the pattern for a random array. In short, thinned random arrays having the same area as filled

arrays do not suffer from any degradation in the 3-dB beamwidth or from peak sidelobe levels,

but they do have many more sidelobes in the entire space than periodic arrays.

The performance of thinned random arrays is clearly seen when the 2-D patterns are

plotted for broadside and 50◦ scan angles (Fig. 3.2). Note that the sidelobes that initially appear on

the E and H-planes in a filled periodic array are now spread over the entire solid angle in randomly

distributed locations. The increase in the number of sidelobes reduces the array directivity, as
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expected.

Fig. 3.3(a) presents the simulated directivity of thinned random arrays with R f ill = 0.5 and

R f ill = 0.25 versus scan angle, normalized to the directivity of a filled array with the same overall

size and a uniform spacing of 0.5λ. The directivity of a filled array with uniform illumination can

be expressed as:

D = D0cosn(θ0) (3.1)

where

D0 = 4πA/λ
2 (3.2)

and θ0 is the scan angle [56]. n denotes the effect of the antenna element factor and impedance

mismatch. For well-designed array, n = 1.1−1.3, and for this analysis, we will take an ideal array

with n = 1. The directivities of thinned arrays at broadside for R f ill = 0.5 and R f ill = 0.25 are
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Figure 3.4: (a) Uniform, fully populated array; (b) thinned randomized array with the same aperture as (a)
and 50% fill; (c) Uniform, fully populated array with the same number of elements as (b) and a smaller
aperture.

0.64D0 and 0.38D0, respectively, and are 1.9 dB and 4.1 dB lower than the filled array. However,

they are also 1.1 dB and 1.9 dB higher than a fully populated array with the same number of

elements but a smaller aperture (D = DoR f ill). Therefore, if higher sidelobes can be tolerated,

then a random array with R f ill = 0.5−0.25 can result in a directivity enhancement as compared

to a fully-populated array with the same number of elements. One of the main reasons is that the

antenna element factor has a higher directivity when the array is thinned as compared to a fully

populated array. Fig. 3.3(b) presents the directivity at broadside of a thinned array versus R f ill ,

and it is seen that it is always higher than D0R f ill .

The directivity can be written as (Fig. 3.4):

Case 1 : D1 = 10logN +Gel (3.3)

(uniform array with a λ/2×λ/2 grid, where Gel = 4πA/λ2 = 5 dB)

Case 2 : D2 = 10log(NR f ill)+G′el (3.4)

(thinned random array with G′el = 6.5-7 dB and reduced number of elements, having same aperture
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as Case 1)

Case 3 : D3 = 10log(NR f ill)+Gel (3.5)

(uniform array with Gel = 5 dB having a reduced number of elements and a smaller aperture than

Case 1). It is clear that D1 > D2 > D3 and A1 = A2 > A3 as shown in Fig. 3.4.

3.3 Thinned Randomized Arrays for Radar Applications

The use of thinned random arrays in radar applications can greatly lower the number of

required Tx and Rx channels, but at a cost of reduced directivity and higher sidelobes in the entire

2-D space. This is considered below:

3.3.1 EIRP

For R f ill = 0.5 and 0.25, the EIRP is expected to be reduced by a factor of 2-4 (reduced

number of elements) and also by the reduction in directivity to 0.64D0 and 0.38D0, respectively.

This results in an EIRP reduction of 4.9-10.1 dB for R f ill = 0.5-0.25. In lower power radars

transmitting 5-15 dBm/element, this is not an issue as the element transmit power can be increased

by 4.9-10.1 dB to compensate for the EIRP drop. Also, note that only 50% and 25% of the

elements are populated which leaves a lot of space for heat removal. And, it is well known that

medium power amplifiers with Psat of 15-25 dBm are more efficient than low power amplifiers

with Psat of 7-12 dBm, especially at mm-wave frequencies. The EIRP equations can be written

as:

Case 1 : EIRP1 = 20logN +Gel +Pel (3.6)
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Figure 3.5: Arrays with R f ill = 1, 0.5, 0.25 and the same antenna gain: (a) uniform array; (b) 20×20 array
and R f ill = 0.5; (c) 26×26 array and R f ill = 0.25.

Case 2 :

EIRP2 = 20log(NR f ill)+G′el +P′el

(3.7)

and for EIRP1 = EIRP2, we must have

P′el = Pel−20log(R f ill)+(Gel−G′el) (3.8)

3.3.2 Receive Gain

For R f ill = 0.5 and 0.25, the thinned array directivity is D = 0.64D0 and 0.38D0, re-

spectively, as compared to a fully populated array (D0). It is clear that in thinned arrays, the

received power is reduced and system performance is degraded as the RX channels have the

same noise figure (NF) for both the filled and thinned arrays (PR = SAe f f , where S is the incident

power density, Ae f f = (λ2/4π)D, and NF remains the same). One solution is to increase the

aperture area to compensate for this gain reduction. For R f ill = 0.5 and D = 0.64D0, one needs

to increase the receive aperture for a 256-element array with an aperture of 64λ2 (8λ×8λ) to

100λ2 (10λ×10λ), and employing 200 RX modules to achieve the same gain (Fig. 3.5(a), (b)).
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For R f ill = 0.25 and D = 0.38D0, the aperture area required is 169λ2 and with 169 RX modules

(Fig 3.5(c)). Note that even with the increased area, the total number of RX channels will still be

lower than a filled array.

The increase in aperture area will change the RX beamwidth and may not be ideal for

radar applications. A better way is to increase the transmit EIRP to compensate for the reduction

in receive gain (while keeping the same RX aperture area). In this case, the EIRP should be

increased by an additional 1.9-4.1 dB as compared to (8) for R f ill = 0.5-0.25, and this results

in an increase in the power per element by the same factor. Fig. 3.6 presents the P′el required

to reach the same EIRP as the fully populated array, and to also compensate for the drop in the

receive gain. For R f ill = 0.5 and 0.25, the radiated power of each element needs to be 6.8 and

14.6 dB higher, respectively, to achieve the same return power for radar applications. However,

note that the required power per element for R f ill = 0.5-0.25 is still 2.2-3.4 dB lower than what is

needed if smaller fully-populated arrays are used with the same number of elements (transmit

power needs to be increased as 30Log(R f ill)).
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3.3.3 Sidelobe Levels

The high sidelobe levels, especially for thinned arrays with R f ill = 0.25, cannot be miti-

gated when considering one-way patterns, which may be problematic for transmit communication

systems with a mandated pattern mask. Still, as shown in Fig. 3.4, one can employ thinned arrays

in the receive mode and with reduced number of elements, provided that the RX system can

tolerate higher sidelobe levels (low interference scenarios). This may be useful for SATCOM

applications.

For radars, with TX and RX systems, one can choose complementary thinned TX and

RX arrays, such that the sidelobes of the TX array are greatly reduced by nulls in the RX array

patterns. As is well known, the radar equation contains GT (θ,φ)×GR(θ,φ) and what is most

important is the multiplication of both of these patterns. A large search is done in MATLAB to

find complementary array configurations, as the sidelobe levels should not be reduced only on the

principal planes, but everywhere in the 2-D patterns. In general, a 50,000 TX×RX pattern search

is done and the best TX and RX combinations are chosen.

Fig. 3.7 presents complementary arrays with R f ill = 0.5. Due to pattern optimization,

both the TX and RX patterns have a peak sidelobe level of less than -15 dB, resulting in a return

TX × RX peak sidelobe level of -33 dB, which is lower than the -27 dB return sidelobe level

expected from a uniform fully populated array. Fig. 3.7(d) presents the TX and RX patterns

scanned to θ0 = 45◦ and φ0 = 45◦. The complementary design is obvious since the peaks of

some sidelobes in the TX array align with the nulls of the RX array, resulting in a peak return

sidelobe level of -31 dB. Fig. 3.7(e) and (f) presents the return patterns in the 2-D space, for both

broadside and 45◦ scan, showing low sidelobes over the entire visible space. The peak sidelobes

can be found next to the main beam in elevation at -33 dB and -31 dB for broadside and 45◦ scan,

respectively.

Fig. 3.8 presents the complementary arrays with R f ill = 0.25 and their patterns in both

1-D and 2-D space. Due to aggressive thinning, the sidelobe levels of both the TX and RX arrays
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Figure 3.7: Optimized (a) TX and (b) RX thinned randomized array configuration with R f ill = 0.5;
simulated TX, RX and TX×RX patterns at (c) broadside and (d) θ0 = 45◦,φ0 = 45◦ scan; simulated 2-D
TX×RX patterns at (c) broadside and (d) θ0 = 45◦,φ0 = 45◦ scan.

are significantly higher than R f ill = 0.5. Therefore, the effect of the complementary patterns is

even more clear, resulting in sidelobes of -30 dB at around θ = 28◦ in the elevation plane for

broadside, and at -26 dB for 45◦ scan far away from the main beam, showing that low sidelobe

levels can be achieved at all scan angles. Note that sidelobe levels far away from the main beam

are easy to remove in radar systems due to their significant difference in time of arrival.

A taper can be applied to randomly thinned arrays to reduce sidelobe levels. Fig. 3.9

presents the patterns with R f ill = 0.5, with a -7 dB raised-cosine taper and -25 dB Taylor taper
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Figure 3.8: (a) TX and (b) RX thinned randomized array configuration with R f ill = 0.25; simulated TX,
RX and TX×RX patterns at (c) broadside and (d) θ0 = 45◦,φ0 = 45◦ scan; simulated 2-D TX×RX patterns
at (c) broadside and (d) θ0 = 45◦,φ0 = 45◦ scan.

applied. The peak sidelobe level in the principal plane decreases from -34 dB to -48 dB, due

to the taper. However the sidelobe levels in the full 2-D space are dominated by the random

discretization and cannot be reduced by tapering. Therefore, the peak sidelobe of the return

pattern is not located on the principal planes, and the resulting sidelobe level is -40 dB in the 2-D

space, which is still 6 dB lower than uniform excitation. Fig. 3.9(c) and (d) present the patterns

with -25 dB Taylor taper. The patterns show that only the sidelobes close to the main beam are

further reduced to -50 dB, but the highest sidelobe is still at around -40 dB.
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In conclusion, the reduction in the number of elements and in antenna gain can be

mitigated by a higher element transmit power (which in turn can result in a more efficient system),

and the increase in sidelobes is mitigated by choosing complementary TX and RX arrays and

by applying an amplitude taper to further reduce the close-in sidelobes. This results in radar

systems with greatly thinned arrays in both TX and RX apertures, and with the same system

parameters (beamwidth, scan angle, low sidelobes, similar SNR) as fully-populated arrays but

with a reduction of 2-4× in the number of elements.
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Figure 3.10: (a) Photo of the 16×16 Ka-band TRX phased array. (b) Illustration of turning off channels to
simulate effects of thinned arrays (R f ill = 0.5 shown).

3.4 Measurements

The thinned randomized array is demonstrated using a fully populated 16×16 Ka-band

TRX phased array by turning on different channels to emulate the thinning (Fig 3.10(a) and

(b)). A 256-element phased array based on commercial 2×2 TRX SiGe beamformer chips is

used for this experiment. The antenna elements are combined using a 64:1 Wilkinson network,

with a symmetrical and equi-distant layout between the phased array’s common RF port and

each of the beamformer chips. The 2×2 SiGe beamformer chips are connected to the antennas

using a symmetrical feed network, therefore ensuring uniformity throughout the entire phased

array [20, 22, 26, 27]. The antenna utilizes a stacked-patch structure with a grid of 5.3 mm (0.5λ

at 28 GHz) in the H-plane (azimuth) and 5.7 mm (0.53λ at 28 GHz) in the E-plane. The array

is capable of scanning up to ±60◦ in the azimuth and ±50◦ in the elevation planes, and has a

measured EIRP of 63 dBm and 65 dBm at its P1dB and Psat , respectively [10].

The phased array is first calibrated at 28 GHz by measuring the S21 of each TX and RX

channel (turned on individually) in a far-field antenna chamber. The differences in amplitudes

and phases between different elements are compensated by the VGA and phase shifters at each

element, respectively. The resulting RMS amplitude and phase errors after calibration are less
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50 GHz Network Analyzer

Figure 3.11: Setup for pattern, EIRP and RX electronic gain measurements.

than 1 dB and 8◦, respectively, for both TX and RX channels.

3.4.1 Patterns

Both the TX and RX patterns are measured in the far-field chamber using the Keysight

N5245B 50 GHz vector network analyzer and a standard gain horn (Fig. 3.11). All patterns are

shown at 28 GHz unless otherwise noted.

Fig. 3.12(a) and (b) presents the measured H-plane (azimuth) broadside patterns with

uniform excitation using the complementary configurations with R f ill = 0.5 and R f ill = 0.25 shown

in Fig. 3.7 and Fig. 3.8, respectively. The TX×RX patterns are then calculated by multiplying

the TX and RX patterns of each configuration. Without taper, the TX×RX patterns exhibit a

peak of sidelobe level of -33.9 dB for R f ill = 0.5 and -30.6 dB for R f ill = 0.25, which is close

to the simulated values of -34.4 dB and -30.7 dB, respectively, verifying the complementary

design. Fig. 3.12(c) and (d) present the same set of patterns with -7 dB raised-cosine taper. The

resulting peak return sidelobe levels in the azimuth plane are -46.6 dB and -37.1 dB for R f ill =

0.5 and R f ill = 0.25, respectively. Due to more aggressive thinning, the sidelobes of the the R f ill

= 0.25 case are quickly dominated by random sidelobes away from the main beam. Although

very low sidelobe levels can be achieved in the H-plane, the peak sidelobes reside away from

the principal planes for both cases. The peak sidelobe levels are -40 dB and -31.5 dB for R f ill =

0.5 and 0.25, respectively, according to simulations. Therefore, with only half the elements and
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Figure 3.12: Measured patterns at 28 GHz at broadside with (a) R f ill = 0.5 and uniform excitation, (b)
R f ill = 0.25 and uniform excitation, (c) R f ill = 0.5 and -7 dB raised-cosine taper, (d) R f ill = 0.25 and -7 dB
raised-cosine taper.

beamformer chips, the thinned randomized array can have comparable performance to a fully

populated array with -7 dB raised-cosine taper for radar applications. Note that the one-way

patterns for R f ill = 0.25 have high sidelobes, even with -7 dB taper, and may not be acceptable

for certain communication systems. However, the R f ill = 0.5 patterns are excellent and may be a

great compromise for communication systems.

The -3 dB beamwidths of the thinned arrays with R f ill = 0.5 and 0.25 remain similar to

the fully populated array. For R f ill = 0.5 and 0.25, the TX and RX beamwidths are 6.6◦ and 7◦

with uniform excitation, and only 0.2◦ to 0.6◦ wider than the 6.4◦ beamwidth of a fully populated

array. With -7 dB raised-cosine taper, the -3 dB beamwidth are 7.2◦, 7.4◦ and 8◦ for R f ill = 1, 0.5,

and 0.25, respectively.

Fig. 3.13 presents the patterns with R f ill = 0.5 and R f ill = 0.25 scanned from 30◦ to 60◦,

with -7 dB raised-cosine taper. Due to the pattern of the microstip antennas at wide angles, the

amplitude of the main beam is compressed at large scan angles, resulting in a higher sidelobe
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Figure 3.13: Measured patterns at 28 GHz with R f ill = 0.5 and -7 dB raised-cosine taper at (a) 30◦ (b) 45◦

(c) 60◦ scan, and patterns with R f ill = 0.25 and -7 dB raised-cosine taper at (a) 30◦ (b) 45◦ (c) 60◦ scan
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Figure 3.14: Measured TX×RX patterns of (a) R f ill = 1, (b) R f ill = 0.5, (c) R f ill = 0.25 arrays with -7 dB
raised-cosine taper scanned from -60◦ to 60◦.

level. Overall, the patterns maintain consistent sidelobe levels across all scan angles. Because of

the randomness of antenna locations, no grating lobes emerge even at 60◦ scan.

Fig. 3.14(a) presents the measured TX×RX patterns of the fully populated 16×16 array

with -7 dB raised-cosine taper, scanning from -60◦ to 60◦ at 28 GHz. The patterns show higher

sidelobe levels in the H-plane compared to the thinned arrays with R f ill = 0.5 (Fig. 3.14(b)). In

general, R f ill = 0.5 array shows similar sidelobe levels over the entire 2-D space compared to the
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Figure 3.15: Measured TX×RX patterns of R f ill = 0.5 array with -7 dB raised-cosine taper scanning
from -60◦ to 60◦ at (a) 27 and (b) 29 GHz; Measured TX×RX patterns of R f ill = 0.25 array with -7 dB
raised-cosine taper scanned from -60◦ to 60◦ at (c) 27 and (d ) 29 GHz

fully-populated array. The array with R f ill = 0.25 shows higher sidelobe levels since the sidelobes

created by random discretization are unaffected by taper. Note that for a fully populated array,

the highest sidelobe is always next to the main beam, while for the thinned randomized array, it is

located farther from the main beam, and its radar return can be removed in post-processing. As

shown in Fig. 3.14, the -3 dB beamwidth of the thinned arrays remain close to the fully populated

array even at large scan angles. At 60◦ scan with -7 dB raised-cosine taper, the -3 dB beamwidth

of the TX × RX pattern is 8.4◦ for the fully active array, and 9.4◦ for both R f ill = 0.5 and 0.25.

The complementary thinned array pair also work across a wide range of frequencies.

Fig. 3.15 presents the TX×RX patterns from -60◦ to 60◦ at 27 GHz and 29 GHz, for R f ill = 0.5

and R f ill = 0.25 with -7 dB raised-cosine taper. All patterns show similar sidelobe levels as 28

GHz. This is an instantaneous bandwidth measurement, and the phase gradient is set at 28 GHz,

resulting in minor beam squinting at 27 and 29 GHz.

In the case where higher directivity in the RX array is desired to improve the signal to

noise ratio, a RX array with R f ill = 0.5 can be paired with a TX array with R f ill = 0.25. Fig.
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Figure 3.16: Measured patterns with R f ill = 0.25 for TX and 0.5 for RX and -7 dB raised-cosine taper at
(a) broadside (b) 45◦ scan, and simulated 2-D pattern with R f ill = 0.25 for TX and 0.5 for RX and -7 dB
raised-cosine taper at (c) broadside (d) 45◦ scan. (e) Measured TX×RX patterns from -60◦ to 60◦ scan.

3.16(a) and (b) present the measured patterns of such a combination at broadside and for a scan

angle of 45◦ in the H-plane. The measured patterns show equally low sidelobe levels in the

H-plane compared to the previous results, and the simulation shows low sidelobe levels in the

entire 2-D space (Fig. 3.16(c),(d)). The measured patterns also show low sidelobe levels across a

wide scan range (Fig. 3.16(e)). Therefore, a wide combination of R f ill can be used for the TX

and RX arrays (with complementary designs) and will result in low sidelobe levels.
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Figure 3.17: Measured normalized frequency response: (a) TX (b) RX.

3.4.2 EIRP and Directivity

Fig. 3.17(a) presents the normalized TX frequency response with R f ill = 1, 0.5, and 0.25.

The decrease in EIRP is 4.4 dB and 9.2 dB for R f ill = 0.5 and 0.25, respectively. An EIRP drop

of 4.9-10.1 dB (R f ill = 0.5-0.25) is expected, and the measured EIRP is 0.5-0.9 dB better. This

could be due to a better impedance match with the PA, or a much lower heat load across the array,

resulting in a higher Pout per 2×2 SiGe beamformer chip.

Fig. 3.17(b) presents the RX electronic-gain frequency response for R f ill = 1, 0.5, and

0.25. The RX electronic gain is defined as:

RXelectronic_gain = Prec/Pinc (3.9)

where Prec is the power at the RF connector and Pinc is the total power available at the the phased-
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array aperture (S×Area). S is easily calculated using S = PtGt/4πR2 (Pt is the transmit power

from the network analyzer, Gt is the horn gain, and R = 2.5m), and Area is the physical area of the

16x16 phased-array antenna (85mm×81mm). This gain definition includes the antenna ohmic and

dielectric loss (which is constant versus R f ill), the beamformer chip electronic gain (also constant

versus R f ill), the Wilkinson network ohmic loss, and any reduction in the aperture efficiency due

to R f ill (lower directivity). Since the elements of the 16×16 array are turned off instead of not

being present to emulate thinned arrays, and a 256:1 Wilkinson network is used with 50% or 75%

of the elements not active, there is an excessive loss of 3 dB and 6 dB in the Wilkinson network

for R f ill = 0.5 and 0.25, respectively. This loss is removed from measurements, so as to only

show the drop in directivity.

The RX electronic gain decreases by 1.5-3.2 dB for R f ill = 0.5 to 0.25 while the expected

decrease is 1.9 dB and 4.1 dB, respectively. Again, we believe that the discrepancy is perhaps due

to a lower heat load (better chip electronic gain) and a better antenna impedance match. When

a -7 dB raised-cosine taper is applied, the array gain decreases by 1.8-2 dB for all cases. The

simulated drop in directivity for -7 dB raised-cosine taper is 0.5 dB, while the simulated power

loss after combined in the Wilkinson network is 1.8-2 dB due to the taper (average electronic gain

is lower across the array).

In conclusion, the measurements for EIRP and RX gain are better than simulation by

0.5-0.9 dB in both TX and RX, and show that randomized thinned arrays do produce the expected

results.

3.4.3 EVM

For the case where communication systems allow relatively high sidelobes, such as

in-house CPE (customer premise equipment) for 5G systems which operate in multi-bounce

environments, it is important to determine the randomized thinned array performance under

complex modulated waveforms. A Keysight M8195 arbitrary waveform generator (AWG) is
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used to generate 16-QAM and 64-QAM waveforms at 27 GHz with a pulse shaping filter of α

= 0.35, and the peak-to-average power ratio (PAPR) is 6.6 dB and 7.7 dB, respectively. The

instrumentation EVM (at the amplifier’s output) is presented in Fig. 3.18 and is 2± 0.1% for

100-200 MBaud waveforms. A standard gain horn antenna is used on the RX side, and the signal

is demodulated using the Keysight DSOZ632A 63-GHz oscilloscope running the 89600 Vector

Signal Analysis (VSA) software.

Mod/BW 100 MBaud 200 MBaud

16-QAM 1.98 % 2.09%

64-QAM 1.9% 2.2%

fRF=27 GHz

Keysight

M8195 AWG

DSOZ632A

63GHz sampling scope

D = 2.5 m

SLF = 69 dB

G=18.5dB

16x16 Array

Att.

-11dB

System Setup EVM

Figure 3.18: EVM measurement system setup and instrumentation EVM values.

Fig. 3.19(a) presents the EVM versus EIRP for 16-QAM waveforms with 100 MBaud

symbol rate, measured with uniform array excitation. At low EIRP, the system EVM is limited by

the setup As EIRP increases, the system EVM is dominated by the linearity of the phased array.

For R f ill = 1, the EVM reaches 8% (-22 dB) at an EIRP of 60 dBm, 3 dB back-off from P1dB. At

a constant 8% EVM, the difference in EIRP between R f ill = 1 and 0.5 is 4.8 dB, and is 10.4 dB,

and agrees with the results presented in Fig. 3.17(a).

Fig. 3.19(b) presents the EVM for 64-QAM waveforms with 100 MBaud symbol rate.

The EVM reaches 5% (-26 dB) at 58.5 dBm (4.5 dB BO from P1dB), and the decrease in EIRP

at 5% EVM is 4.5 dB and 10.1 dB for R f ill = 0.5 and 0.25, respectively. Again, the results are

consistent across different modulations. Fig. 3.19(c) presents the EVM of 64-QAM 100 MBaud

waveform with a -7 dB raised-cosine taper applied. The EVM reaches 5% at 58 dBm for R f ill =

1, only 0.5 dB lower than uniform array excitation. A 5% EVM, the drop in EIRP is 5 dB and 4.9
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Figure 3.19: Measured EVM versus EIRP of (a) 16-QAM 100 MBaud waveform, (b) 64-QAM 100
MBaud waveform and (c) 64-QAM 100 MBaud waveform with -7 dB raised-cosine array taper.

dB for R f ill = 0.5 and 0.25, respectively, which agrees with uniform array excitation. The array

taper does not affect EVM performance, and the EVM with -7 dB raised-cosine taper follows the

same trend versus R f ill and EIRP. It is clear that the EVM curves are similar in all cases except

for a absolute power shift. Therefore, if a 5G array with Rfill=0.5 and the same EIRP is required,

then the power amplifiers on each channel should provide 5 dB higher power, but with half the

number of elements.
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3.5 Conclusion

This paper presented the analysis and measurements of TX and RX randomly thinned

phased arrays for 5G and radar applications to reduce element density and save costs. The

primary penalties for thinned randomized arrays are higher sidelobes over the entire 2-D space

and decrease in directivity. However, it is shown in this paper that the reduced directivity does

not drop as much as the decrease in elements and EIRP can be compensated by implementing

power amplifiers with higher output power. The TX×RX sidelobe levels can be reduced by

choosing an optimized complementary design and can be further improved by applying array

taper. This results in a system that uses a significantly lower number of beamformer channels

while maintaining a similar performance as a fully populated array. EVM measurements on 50%

and 25% filled arrays also showed consistent results for 16-QAM and 64-QAM waveforms.
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Chapter 4

Improved 5G and SATCOM Phased-Array

Calibration Using the 2×2 Quad-Antenna

Method

4.1 Introduction

Millimeter-wave 5G phased-arrays, typically 64 to 512 elements for small cells and large

base-stations, are an essential component in all FR2 5G systems (26 GHz, 28 GHz, 37 GHz, 42

GHz, 48 GHz) as they provide a high antenna gain, a high equivalent isotropic radiated power

(EIRP) and a large collecting aperture for the signals transmitted from user-equipment (cell

phones or other devices) [14, 15]. They are built using multi-channel transmit/receive silicon

beamformer chips with amplitude and phase control on every element [16–18, 20, 24, 25], placed

next to the antennas on a low-cost printed-circuit board (Fig.4.1). Single and dual-polarized

antennas and chips are generally used, but dual-polarized/dual-beam antennas have become more

prevalent due to their 2×2 polarization-MIMO capabilities. The chips are designed to feed 4

antennas (2×2 quads), 8 antennas (2×4) and 16 antennas (4×4), and the 2×2 quad chips are the
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Figure 4.1: Block diagram of (a) phased array with 4-channel beamformers and (b) the 2×2 beamforming
architecture.

most prevalent nowadays.

The same architecture applies to satellite communication phased-arrays at Ku and Ka-

band, but in this case, the prevalent architecture is the 2×2 quads and the array size is 1024-4096.

Also, SATCOM ground-terminal arrays are Tx-only and Rx-only for frequency-division duplexing

(FDD) geostationary earth orbit (GEO) and medium earth orbit (MEO) satellite systems, and

Tx/Rx for low earth orbit (LEO) satellite systems [57–60].

A key issue in all large phased-arrays is the calibration time and accuracy. The traditional

method of turning on one element in a sequential manner and measuring the S21 in the near

or far field is time consuming and is prone to errors (as will be shown in this work). Other

techniques such as orthogonal code-domain calibration have been demonstrated, both using

amplitude-only or 0◦/180◦ Hadamard codes, and with good accuracy [61–63]. This work presents
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a novel calibration technique based on the 2×2 quad-antenna method, and is applicable both in

the near and far field, but the demonstrations here are done in the far-field. It will be shown that

this technique results in higher accuracy and repeatability than the traditional method.

4.2 Traditional Calibration Method

The traditional method consists of turning on one antenna element at a time and measuring

the S21 between the array common port and a far-field horn in an anechoic chamber. An up/down-

converter can be used at the array or sub-array sum point, and the calibration is then done from

IF/baseband (array port) to an RF or IF/baseband port at the standard-gain horn. A channel is

defined as the gain and phase of every antenna element from the common port (RF or IF/baseband)

to air, and takes into account the up/down-converters, Wilkinson network unequal phase and

amplitude distribution errors, the gain and phase variations in the silicon RFIC channels, and

any amplitude and phase difference in the transmission lines between the silicon RFIC and the

antennas. Calibration is done by measuring every channel individually for all elements in the array,

and then using the VGA and phase shifter in each channel (and if available, any subarray driver

or up/down-converter) to compensate for the S21 differences between the channels [22, 28, 29].

The end goal is to equalize all the channels and to result in a uniform amplitude and phase across

the phased-array aperture (low RMS amplitude and phase errors on the aperture).

Fig.4.1 presents a typical 5G phased-array built using 2×2 chips (single polarization is

shown). Note that 5G and SATCOM systems do not employ a circulator or a matched absorptive

switch on each element. This is done to achieve lowest loss performance at millimeter-wave and

to reduce the system cost. Therefore, the off-antennas are terminated with reactive loads and not

50Ω. This reactive load can be a random low or high impedance (mostly reactive) and depends

on the PA or LNA off-impedance and the transmission-line lengths between the silicon chip and

the antenna feed.
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Figure 4.2: (a) Antenna and array configuration for simulation with single channel excitation; (b) simulated
S11 of 4 center elements with different termination of surrounding elements compared to simulated S11 of
an infinite array; (c) normalized patterns of all elements.

There are two effects arising from this technique: 1) The antenna impedance of the

single microstrip antenna is different than the actual antenna impedance in a 2-D active array

environment where all the elements are energized (designed and optimized using Floquet mode

analysis), and 2) the patterns of the single antenna with neighbors having a reactive load has

a lot of ripples. The ripples and non-uniformity of the element patterns are also observed and

discussed in [64–66]. One cause of element patterns variation is the diffraction of surface waves

and ground currents from the finite substrate and ground plane, which can result in undesirable

effects on the element patterns.

To show these effects, a 6×6 microstrip antenna array with a period of 0.48λ0 × 0.52λ0
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at 27 GHz in the azimuth and elevation planes, respectively, and placed on a Panasonic Megtron6

substrate with εr = 3.35, is simulated in Ansys HFSS using the radiation boundary conditions

(Fig.4.2(a)). The simulated antenna impedance of the center 4 elements are shown in Fig.4.2(b),

and S11 varies from -20 dB to -8 dB for different terminations for the neighboring antennas.

However, this may not affect the calibration coefficients if all the antennas in a large array behave

the same (impedance mismatch between the PA or LNA and the antenna is the same for all

antennas).

A more important problem is the ripple in the element patterns (activated one at a time)

arising from mutual coupling and spurious radiation from the neighboring elements (Fig.4.2(c)).

Depending on the element location, there is a 3 dB peak-to-peak variation between the elements.

Also, the element patterns cross each other at random angles. This means that the calibration

coefficients obtained at 0◦ (broadside) will be different than the coefficients obtained if the

calibration is done at 10◦ or 20◦. This poses a significant problem for array calibration.

Another issue in single-element calibration is the signal-to-leakage ratio. 5G and SAT-

COM phased-arrays do not use isolated metal cavities and are based on silicon chips placed

on printed-circuit boards. Therefore, there is signal leakage in every channel when turned off,

and this can be significant in large arrays (Fig. 4.3). Consider a 256-element phased-array in

the receive mode with channel gain of 25 dB (Gch) in a 2×2 quad chip, and 45 dB of isolation

(Gleak = -45 dB) when the channel is turned off. For an incident power density S (W/m2) on the

array aperture and a power collected per unit cell of Pavs = S×Dx×Dy (W ), where Dx and Dy

is the length of the element aperture in the x and y direction, respectively. The signal at the RF

connector is:

Prx = Pavs +Gch−3×N−Lohmic

= Pavs +25−24−8 = Pavs−7 dB
(4.1)
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Figure 4.3: Demonstration of signal and leakage paths when (a) one channel is turned on and (b) a 2×2
quad is turned on, and (c) additional magnitude and phase errors versus signal-to-leakage ratio.

where N is the number of Wilkinson stages (N = 8 for a 256:1 network) and Lohmic is the

Wilkinson network ohmic loss (Lohmic = 8 dB). Note that the received power by a single element

power passes by a large Wilkinson network and suffers from 24 dB of excess network loss since

only a single channel is activated.

On the other hand, the leakage power from the 255 (M=255) off-elements is:

Pleak = Pavs +10logM+Gleak−Lohmic−Lcoh

= (Pavs +24)−45−8−2 = Pavs−31 dB
(4.2)

where Lcoh (1-2 dB) is the coherent additive loss of every 2×2 array since the channels

are not calibrated. Note that there is no excess Wilkinson network loss since all the channel paths
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are activated by the leakage signals. This results in a signal-over-leakage-ratio (SLR) of 24-25 dB

for an off-channel isolation of 45 dB.

The leakage signal phase is not known and adds coherently to the single-element signal,

thereby creating an error of up to (1±c) in magnitude and ± tan−1 c≈±c (rad) in phase on each

single channel measurement. This is turn results in an RMS error when averaged over the 256

channels (Fig.4.3(c)). This leakage error is un-calibratable and will add to the final calibrated

array RMS amplitude and phase values. An SLR of 25 dB results in an additional RMS errors of

0.3 dB and 2◦.

Note that for near-field measurements, the leakage signal is much lower as the near-field

probe radiates (or receives) from a small sub-array at a time when scanned across the aperture.

4.3 Quad 2×2 Calibration Method

The problems outlined above can be solved if a 2×2 quad is turned on as a single unit. It is

assumed that the 2×2 quad is either symmetrical with equidistant lines between the silicon RFIC

ports and antennas, or the 2×2 quad is pre-built as a connectorized unit test cell and characterized

independently to find out the amplitude and phase difference between the 4 channels and the

antenna feed points. Also, silicon beamformer chips nowadays all have power detectors or other

built-in-self-test modes at their output ports, which can calibrate the channels to within ±1 dB in

amplitude [67–70].

The 6×6 microstrip-antenna array is now simulated with different 2×2 unit cells activated

and the other 32 antennas in an off-state with various termination impedance (Fig.4.4(a)). It is

seen that the simulated antenna impedance for each antenna in the 2×2 quads is much closer to

the 2-D Floquet mode impedance, resulting in a more accurate calibration (Fig.4.4(b)). Most

important, the simulated patterns of the 2×2 quads show very little difference with only +/-0.12

dB variation between the different activated quads. The variation in the patterns reduced from a
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peak-to-peak of 3.1 dB to 0.23 dB with the use of 2×2 quads (Fig.4.4(c)).

Furthermore, the 2×2 quads result in an SLR improvement of 12 dB (Fig. 4.3(b)). This is

due to +6 dB additional signal level due to the actuation of four antennas instead of one antenna,

and 6 dB less Wilkinson excess loss in the combining network. The leakage signal is basically

the same (M=251 instead of 251). A 12 dB SLR improvement is critical as it improves the SLR

from 25 dB to 37 dB, and results in virtually no added RMS amplitude and phase errors in the

array calibration.

To compare the single-element and the quad calibration methods, the magnitude of the

patterns of all elements at three different look angles (0◦,-10◦, and 10◦) is shown in Fig. 4.5
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Figure 4.5: Normalized simulated amplitude variation for the 6×6 array at look angles of 0◦, -10◦, and
10◦ of (a) single elements and (b) 2×2 quads.

for both methods. Both plots are normalized to their average values. It is clear that the single

elements patterns result in much larger variation across different elements and different look

angles. This results in different calibration coefficients at different angles. The 2×2 element

patterns are basically ideal versus look angle.

In short, by turning on 2×2 antennas at a time (one chip at a time), the 2×2 quad method

results in better antenna impedance, removes the antenna ripples, and has higher SLR and better

accuracy, It also calibrates out the average gain and phase variations between the silicon chips, the

Wilkinson distribution network and the subarray drivers or up/down-conveters. An independent

calibration needs to be done for the 2×2 cell if it is not symmetrical, but only for one cell and not

for all cells in the array.

4.4 Pattern Investigations

The effect of the intrinsic error within a beamformer chip that forms a 2×2 antenna quad

are now investigated. Assuming that the quad (2×2) calibration has removed all the errors up

to the chips and calibrated out the average gain and phase difference between the chips, the

remaining errors will be the differences between the individual channels within a beamformer
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chip and their transmission-line connections to the antennas (these connections can be considered

as part of the individual channels). In order to investigate this effect, different amplitude and phase

errors with RMS values of 0.5 dB (±1 dB peak) and 4◦ (±8◦ peak), respectively, are imposed on

the 64 2×2 quads in the array, representing the chip local error in a perfectly calibrated array at

the 2×2 level. Also, an amplitude and phase distribution with the same RMS error is generated at

once for the 256 channels, representing a non-ideal calibration using the single element method.

The patterns of these two distributions are plotted in Fig. 4.6 at broadside and 45◦ scan with -30

dB Taylor taper distribution. The pattern shows very little difference between these two types

of errors, and a close match to the ideal pattern up to -30 dB Taylor taper. The results clearly

indicate that the internal errors inside the beamformer chips have the same effect as an array with

random errors provided that the errors in the 2×2 cells are random and not systematic (same error
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Figure 4.7: (a) Distribution of RMS amplitude and phase error of 2 dB and 20◦ for 4 channels within a
2×2 quad and repeated periodically for all 2×2 quads. (b) Corresponding patterns at broadside and 45◦

scan with -30 dB Taylor taper.

appears on the same channel over and over again).

The effect of systematic errors in the 2×2 quad are much more severe as shown in Fig.

4.7. In this case, a randomly generated error of ±15◦ in phase and 1.6 to -2.8 dB in amplitude is

taken in a unit cell and is repeated for all quads in the array. Again, a -30 dB Taylor distribution is

assumed to result in low sidelobe levels. One can clearly see the illumination error grating lobes

for the broadside pattern since they occur at a period of 1λ0. Also, the error lobes scan with the

patterns and appear at -10◦ for a 45◦ scan angle. Note that if a uniform illumination is used with

-13 dB sidelobe levels, such error sidelobes will not be prominent, but they are clearly seen in

-20 dB or -30 dB Taylor tapers. Therefore, it is important to remove the systematic errors in the

2×2 quad (generally arising from the transmission line connections) using a separate calibration,

and this is usually done in a connectorized test cell. Alternatively, one can use the Ansys HFSS

models for these transmission-line connections to calibrate them out. As seen above, as long as

the residual amplitude and phase errors in a unit cell are within ±1 dB and ±8◦-10◦ in a random

fashion (chip-to-chip variations), then one can achieve -30 dB sidelobes with no issues.
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Figure 4.9: Far-field measurement setup for calibration of the 256-element phased array.

4.5 Measurements

The measurements are done on a 256-element single-polarized Ka-band phased array that

can be used in 5G and radar systems. The array is based on commercial 2×2 Tx/Rx beamformer

chips, designed with SiGe BiCMOS technology. Each chip consists of 4 RF channels and one

common RF port, and with operation at 25–30 GHz. Each channel has a 6-bit phase shifter, 8-bit

gain control, a PA, and an LNA and a Tx/Rx switch.

Fig. 4.8 presents the antenna and chip-side views of the 256-element phased array. All

elements are combined using a 64:1 symmetrical Wilkinson network, with a symmetrical and

equidistant layout between the common port and each of the beamformer chips. The antenna

utilizes a stacked-patch structure for wide band operation with a simulated -10 dB S11 bandwidth
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Figure 4.10: (a) Normalized element patterns of selected antennas and leakage pattern of the array at 27
GHz. (b) Element patterns from -15◦ to 15◦.

of 24-30 GHz. Also, the connections between the 4-channel chip and the 2×2 antennas are

perfectly symmetrical with equidistant lines and therefore, in this work, no independent calibration

is done for the 2×2 cell. This design has been presented before and will not be further discussed

here for brevity [26].

The 256-element phased-array was measured in an anechoic chamber, with a distance of

1.85 m and space loss of 66.5 dB at 27 GHz. The far-field range is 2.8 m, and a measurement

distance of 1.85 m results in a spherical-wave aperture phase error of 32.4◦ between the center of

the array and the diagonal array edge (to the horn). Increasing the measurement distance to 3.7 m

will reduce the aperture phase error by half. A Keysight N5245B PNA-X 50-GHz vector network

analyzer (VNA) is used for S21 measurements and with the cable loss calibrated out (Fig. 4.9).

Fig. 4.10 presents the measured patterns of 40 different antenna elements in the 256-

element phased-array with a single element activated at a time. The patterns exhibit large

variations at broadside (8.8 dB) and even larger variations at other angles. Larger amplitude
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Figure 4.11: (a) Normalized 2×2 and leakage patterns of the array at 27 GHz. (b) 2×2 patterns from -15◦

to 15◦.

variation requires more gain states to be used for calibration, leaving less dynamic range for

tapering that is needed for low sidelobe levels. In addition, each element pattern displays ripples

over all angles, with multiple cross-over, and a calibration at 0◦ (broadside) results in different

amplitude and phase corrections than if the calibration is done at 5◦ or 10◦ off broadside.

The leakage pattern measured when all the elements are shut off and normalized to a peak

element pattern is also plotted in Fig. 4.10(a). An average SLR of 17 dB is found at broadside,

and results in an additional RMS amplitude and phase error of 0.7 dB and 4.6◦, and peak-to-peak

amplitude and phase error of 2.4 dB and 16◦, respectively. The signal-to-leakage ratio is on the

low side due to an lower isolation of -40 dB of the first-generation chips and the leakage from the

RF connector, resulting in 7 dB more leakage than calculated before.

Fig. 4.11 presents the measured patterns of all 64 2×2 quads. The patterns at broadside

exhibit much smaller variation compared to the element patterns (4.5 dB versus 8.8 dB), which

can be corrected using fewer VGA states. The patterns also exhibit less ripples across all angles,
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Figure 4.12: Normalized measured amplitude and phase variations at look angles of 0◦, -10◦, and 10◦ of
64 (a) elements and (b) 2×2 quads.

creating fewer cross-overs between patterns, and the calibration values obtained at broadside are

close to the values obtained at 10◦–20◦ off-broaside. In addition, the average signal-to-leakage

ratio of the 2x2 patterns increases by 12 dB at broadside compared to the element patterns (from

17 dB to 29 dB), as predicted. This results in an additional RMS error of only 0.2 dB and 1.3◦

across the array.

Fig. 4.12 presents the measured single-element and 2×2 patterns values at three different

look angle (0◦,-10◦, and 10◦), normalized to their average values. Only 64 individual elements are

plotted in Fig. 4.12(a) for clarity. The 2×2 patterns show lower amplitude and phase variations
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Figure 4.13: (a) Amplitude and (b) phase distribution measured at 27 GHz broadside in RX mode for 256
channels before and after channel calibration.

across all elements, and more importantly, the same calibration coefficients are obtained if the

measurements are done at 0◦ or ±10◦. This applies to both amplitude and phase.

Fig. 4.13 presents the measured amplitude and phase distribution of all 256 channels at 27

GHz at broadside with and without calibration, using single-element calibration, normalized to

the average amplitude and phase values. The array results in an RMS error of 1.5 dB and 17◦

before calibration, and 0.5 dB and 5◦ after calibration. The average decrease in amplitude is 3.5

dB after calibration, and the VGA range has been limited to 7 dB (0 dB to -7 dB).

Fig. 4.14 presents the amplitude and phase distribution of all 2×2 quads at 27 GHz at

broadside with and without calibration. In this case, the array shows an RMS error of 1.1 dB and

17◦ before calibration, and 0.15 dB and 2.3◦ after calibration, resulting in an almost flat response

over all 2×2 quads and very accurate array calibration. The average decrease in amplitude is 2.3

dB after calibration, and the VGA range used is 0 dB to -4.5 dB. The 2×2 calibration is done by

changing the VGA and phase shifters of all 4 channels in the same chip simultaneously.
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Figure 4.14: (a) Amplitude and (b) phase distribution measured at 27 GHz broadside in RX mode for 64
2×2 quads before and after 2×2 calibration.

4.6 Pattern Measurements

The measured patterns of the 256-element phased array at 27 GHz under uniform illumi-

nation scanned to 0◦, 30◦, 45◦ and 60◦ are plotted in Fig. 4.15(a)-(d). At broadside, the patterns

with both calibration methods produce symmetrical sidelobes with almost identical levels, and the

primary advantage of the 2×2 method is reduced calibration time. The reason is that a rectangular

array with uniform illumination produces high sidelobes in the major axes (-13.6 dB) and is very

tolerant to amplitude and phase errors. However, if a full 3-D patterns were taken, one would be

able to see that the 2×2 calibration results in better sidelobes on the diagonal axes.

A better check for this method is to use aperture distributions with low sidelobe levels.

Fig. 4.15 presents the measured patterns at broadside and 45◦ scan for a -25 dB Taylor distribution.

It is clear that the 2×2 quad calibration results in better patterns than the single-element method

with slightly lower sidelobe level and a more symmetrical pattern. However, with -35 dB Taylor

distribution, the 2×2 quad method results in much lower sidelobe levels than single element
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Figure 4.15: Measured patterns of the 256-element phased array without calibration, with calibration by
channel and by 2x2 quads when scanned to (a) 0◦, (b) 30◦, (c) 45◦, and (d) 60◦ without taper; patterns with
-25 dB Taylor taper at (e) 0◦, (f) 45◦ scan, and with -35 dB Taylor taper at (g) 0◦, (h) 45◦ scan.

calibration, reaching even below -30 dB for the peak sidelobe level. Therefore, calibration based

on 2×2 quads shows a significant advantage for applications that require low sidelobes.

Note that the calibration is done only at broadside for both methods, but the phase shifter

itself has RMS errors of 0.7 dB and 3.6◦. at 27 GHz, and this limits the sidelobe level when

scanned to 45◦. Better patterns could have been obtained if the phase shifter errors are calibrated

out, but this is not done here. The phase shifter errors add to the residual calibration errors,

and affect the quad 2×2 calibration more than the single-element calibration since it has lower

residual RMS errors.

Fig. 4.16 presents the gain states of all 256 VGAs applied to the phased array using the

two calibration methods, for a -35 dB Taylor taper illumination. The VGA settings must meet

both the phased-array calibration (first) and then the taylor illumination (second). On average,

calibration using 2×2 quads method employs 5 fewer gain states (0 is the maximum gain state) at

the center of the array, resulting in larger dynamic that is needed for aggressive tapering.

Lastly, Fig. 4.17(a) presents the measured patterns with the array calibrated using the quad

(2×2) method, for a -25 dB Taylor taper and scan angles up to ±60◦ in the azimuth plane. The
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Figure 4.16: (a) Gain states of VGAs of all channels used for calibration with two different methods and a
-35 dB Taylor taper. (b) Average gain states of columns on the azimuth plane used for calibration with two
different methods and a -35 dB Taylor taper.

patterns exhibit low sidelobe levels at all scan angles. A comparison with simulations is shown in

Fig. 4.17(b) for patterns at broadside. A sidelobe level of -25 dB and excellent agreement with

simulations are achieved.

4.7 Mathematical Quad Calibration based on Single-Element

Measurements

The responses of the 2×2 antenna quads can be approximated by adding 4 corresponding

single channel responses mathematically in post-processing, and this can be used to calibrate

the array using fewer VGA states. However, by doing the mathematical quad calibration, the

advantages of shorter measurement time of the 2×2 calibration are lost.

Fig. 4.18 presents the 256-element array measured amplitude and phase variation of
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Figure 4.17: (a) Measured H-plane (azimuth) scanned patterns to ±60◦ at 27 GHz with 25-dB Taylor
taper. (b) Measured versus simulated H-plane pattern at 27 GHz.

single elements and 2×2 antenna quads in the Rx mode at 27 GHz, as well as the mathematically

averaged 2×2 responses calculated from the corresponding single element data. The calculated

2×2 responses tracks the measured 2×2 data closely, with an RMS amplitude and phase difference

of 0.26 dB and 1.2◦, respectively, between the two. This is very close knowing that one can have

a bit of reflections from the PCB edges, connector leakage (not part of the array leakage) and the

surrounding environment.

Fig. 4.19 presents the measured 2×2 patterns versus the mathematically calculated ones

of several 2×2 quads at 27 GHz. The calculated patterns match the measured ones closely, but

with ripples as a result of the reasons stated above. This means that, while better than single

element calibration, the mathematical quad calibration technique exhibits larger error and is less

robust across different scan angles than the true 2×2 calibration technique. Still, it is a worthy

alternative to consider in case a true 2×2 quad cannot be done.
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Figure 4.18: (a) Amplitude and (b) phase variation of measured single elements, 2×2 quads and 2×2
quads by mathematically averaging 4 elements at 27 GHz, and the difference between the measured and
mathematically averaged 2×2 quads.

4.8 Conclusion

Two different methods for phased arrays calibration are presented in this paper. While

the traditional single element calibration method results in good performance, the 2×2 method

produces more accurate and robust calibration due to a closer match of the active impedance to

that of an infinite array and fewer ripples in the 2×2 patterns. Further more, the 2×2 calibration

yields patterns with lower sidelobe levels when aggressive tapers are applied, due to fewer

79



-50 -25 0 25 50
-15

-10

-5

0

A
m

p
li

tu
d

e
 (

d
B

)

Angle (degree)

 Meas. 2x2 pattern

 Math avg. 2x2 pattern

-50 -25 0 25 50
-15

-10

-5

0

A
m

p
li

tu
d

e
 (

d
B

)

Angle (degree)

 Meas. 2x2 pattern

 Math avg. 2x2 pattern

-50 -25 0 25 50
-15

-10

-5

0

A
m

p
li

tu
d

e
 (

d
B

)

Angle (degree)

 Meas. 2x2 pattern

 Math avg. 2x2 pattern

-50 -25 0 25 50
-15

-10

-5

0

A
m

p
li

tu
d

e
 (

d
B

)
Angle (degree)

 Meas. 2x2 pattern

 Math avg. 2x2 pattern

-50 -25 0 25 50
-15

-10

-5

0

A
m

p
li

tu
d

e
 (

d
B

)
Angle (degree)

 Meas. 2x2 pattern

 Math avg. 2x2 pattern

(a) (b)

(d) (e)

-50 -25 0 25 50
-15

-10

-5

0

A
m

p
li

tu
d

e
 (

d
B

)

Angle (degree)

 Meas. 2x2 pattern

 Math avg. 2x2 pattern

(c)

(f)

Figure 4.19: Measured and mathematically averaged 2×2 patterns of 6 selected 2×2 quads in the 256-
element array at 27 GHz.

VGA gain states used for calibration and higher available dynamic range for taper control. This

method is applicable to both single-polarization and dual-polarization dual-beam arrays for 5G

applications.
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Chapter 5

Near-field Error Vector Magnitude

Measurement and Analysis

5.1 Introduction

With millimeter-wave phased-array systems becoming more and more popular and with

more units being deployed in the fields of 5G, satellite communications and radar applications,

the calibration of phased arrays have become a larger than ever challenge that is necessary for a

seamlessly working system. For phased arrays used in SATCOM systems, the size of the arrays

usually exceed 4000 elements due to the stringent radiation mask regulations. Due to the far field

distance of such large phased arrays, it becomes costly to set up a far-field measurement system to

calibrate the array regularly. For smaller phased arrays of 64 to 384 elements such as the ones used

in 5G communication and automotive radar systems, a far-field calibration becomes impractical

due to the large amounts of units deployed in the field. Therefore, a near-field calibration system

with simple setup that can be used on arrays deployed in the field is necessary and results in high

cost-saving.

A built-in-self-test (BIST) calibration method utilizing the mutual coupling symmetry
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Figure 5.1: (a) Block diagram of the 4×8×8 TRX phased array with 4-channel beamformers, (b) its photo,
and (c) block diagram and summary of the 4-channel 28 GHz TRX beamformer chip.

between antennas in a phased array has been demonstrated with great success and with similar

performance compared to far-field calibration [13], and this chapter is an extension of the BIST

calibration. One way to verify the results of phased array calibration is to measure a complex

modulated signal used in communication systems. In this chapter, the error vector magnitude

(EVM) of a complex modulated signal is measured and investigated using near-field coupling on

a 28 GHz 4×8×8 phased array with 4 quadrants (fig. 5.1). Each quadrant has an independent RF

port and can be set to TX or RX mode individually. Section II investigates the different coupling

levels between different combinations of TX and RX antennas and explains the combinations

used for EVM measurements. Section III presents the near-field EVM measurement results and

compared them to the far-field ones, and section IV concludes this chapter.

5.2 Near-field Coupling

Fig. 5.1 (a) and (b) present the block diagram and photo of the 28 GHz 4×8×8 phased

arrays with 4 quadrants and 4-channel TX/RX beamformer chips, and fig. 5.1 (c) presents the
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Figure 5.2: (a) Measured port-to-port S21 when (a) column 8 of quad 3 is turn on in TX mode and (b)
entire quad 3 is turned on in TX mode, with column 1 to 8 of quad 4 are turned on one by one in RX mode.

beamformer architecture, with each channel consisting of a TX and RX path, and the summary

of key parameters. Channels in quad 3 of the array are set to TX mode and are the "antennas

under test" for the EVM measurements, and channels in quad 4 are set to RX mode and act as the

near-field probes. The S21 is measured from port 1 to port 2 using a vector network analyzer.

Fig. 5.2 presents two cases of the coupling levels measured on the 4×8×8 array. In case

1 (fig. 5.2(a)), Only column 8 of quad 3 is turn on in the TX mode, and the S21 is measured

from column 1 to column 8 individually in the RX mode. Strong coupling can be observed when

adjacent TX and RX columns are turned on and decreases gradually when the RX probes move

away from the TX column. In case 2, instead of 1 TX column, the entire quad 3 is turned on in

the TX mode and the coupling levels are measured from column 1 to column 8 in the RX mode

in quad 4. However, even with more TX channels turned on in case 2, the coupling levels drop

compared to case 1. This is due to the coupling levels from the different TX columns adding out
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Figure 5.3: Block diagram of the TX and RX channels and the feeding networks of the 4×8×8 array and
demonstration of the element-to-element coupling

of phase at the receive column due to the λ/2 spacing between antennas. When the RX columns

are close to quad 3, the coupling from column 8 in quad 3 dominates, and the out-of-phase

coupling from other elements only creates small ripples as seen in the measured S21. However,

when the RX columns become far from the TX quad, the couplings start to cancel each other,

creating deep nulls in the S21 measurements. Therefore, due to the stable coupling levels, case 1

is chosen for the EVM measurements.

We are interested in the coupling levels from the TX channel outputs to the RX channel

inputs, and therefore, the responses of the TX and RX channels need to be de-embedded in

calculations.

Fig. 5.3 presents the block diagram of TX and RX channels with the Wilkinson networks

and transmission lines in the 4×8×8 array and the demonstration of coupling when only one TX

and one RX channels are activated. The TX electronic gain from the RF input port to the antenna

feed port, with the loss in the feed network, can be calculated as

Gel_T x =
Pel_T x

Pin
= LOhmic +Ldiv +GCh_T x +Lant = 5 dB (5.1)

where Pel_T x is the radiated power from the antenna, Pin is the input power at the RF port, LOhmic

is the ohmic loss in the feed network, Ldiv is the division loss of the Wilkinson network, GCh_T x

is the gain of a TX channel in the beamformer chip, and Lant is the loss of the antenna.
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Figure 5.4: Block diagram of the TX and RX channels and the feeding networks of the 4×8×8 array and
demonstration of the column-to-column coupling

The RX electronic gain from the antenna feed port to the RF port can also be calculated

as:

Gel_Rx =
Pconn

Pel_Rx
= Lant +GCh_Rx +LOhmic +Lexcess =−1 dB (5.2)

where Lexcess is the excessive loss of the RX Wilkinson network that is present when only some

of the channels are turned on. Lexcess = 0 when all the RX channels of the array are turned on as

condition the array normally operated in. Using (5.1) and (5.2), the coupling from antenna to

antenna can be calculated as (Fig. 5.4):

Cel = S21−Gel_T x−Gel_Rx = S21−4 dB (5.3)

where S21 is measured from the RF port on the Tx quadrant (Port 1) to the RF port on the

Rx quadrant (Port 2). Fig. 5.4 presents the block diagram of TX, RX channels and feed networks

and demonstration of coupling when one column (8 channels) of TX and one column of RX

channels are turned on. Compared to the element-to-element coupling shown in Fig. 5.3, the TX

radiated power is 10log8 = 9 dB higher and the excess loss in the RX Wilkinson network is 9 dB

lower. Therefore, the column-to-column coupling level becomes:

CCol = S21−GCol_T x−GCol_Rx = S21−22 dB (5.4)
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Figure 5.5: Measured coupling levels from (a) column 8 of quad 3 in TX mode and (b) column 8 row 4 of
quad 3 in TX mode to different RX probes in quad 4. (c) Simulated coupling levels from the TX element
to different RX elements on row 3 in a finite 6×6 array.

Fig. 5.5(a), (b), and (c) present the column-to-column coupling levels obtained using the

measured port-to-port S21 and (5.4), the element-to-element coupling level calculated using the

measured S21 and (5.3), and the element-to-element coupling level simulated in a finite 6×6 array,

respectively. Both the column-to-column and the element-to-element coupling levels are close to

the simulated ones but decrease faster when the RX probes move away from the TX antennas.

Due to the higher transmitted and received power, and therefore higher signal-to-noise ratio in

the column-to-column coupling experiment, it is chosen over the element-to-element method for
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measuring EVM in the near field.

One problem emerges when measuring the EVM using near-field coupling in the high

TX power region. Because of the high coupling level between the adjacent TX and RX columns,

the RX channels can be easily saturated which results in non-accurate TX channel EVM mea-

surements (the receiver now is contribution to the measured EVM). For example, if all the TX

channels in a column are operated at their 1-dB compression point (OP1dB = 10 dBm), the

average received power of each RX channel in a column is

Pel_Rx = OP1dB+10log8+CCol +2Lant−10log8 =−10.4 dBm (5.5)

which is much higher than the -30 dBm input P1dB of the RX channel. As a results, RX columns

far away from the TX column should be selected as probes to measure the EVM in high power

mode.

5.3 EVM Measurements

Fig. 5.6(a) presents the setup for measuring the EVM in the near field. A 64-QAM 100

MBaud modulated signal is sent from the Keysight M8195 arbitrary waveform generator (AWG)

and amplified by a power amplifier. An variable attenuator is used to adjust the input power level

before the signal is fed to the input of quad 3 of the 4×8×8 array. The Keysight DSOZ632A

digital oscilloscope (DSO) is connected to RF port of quad 4 and the signal is received and

demodulated using the VSA 89600A software in the DSO. A standard-gain horn antenna is set up

in the far field and connected to a power meter to measure the effective isotropic radiated power

(EIRP) of the array during EVM measurement. As a reference, the EVM is also measured in the

far field with the measurement setup shown in Fig. 5.6(b). Instead of using quad 4 of the array as

a receiver, the DSO is connected to the horn antenna, and a power meter is also connected to the

horn antenna through a -10 dB coupler to measure the received power and EIRP.
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Figure 5.6: Setup of (a) near-field and (b) far-field EVM measurements.

EVM from PA output = 2.2%

Figure 5.7: Reference constellation, spectrum and EVM level at the PA output for 64-QAM 100 Mbaud
waveform.

Fig. 5.7 presents the constellation, spectrum and EVM level (2.2% referred to the RMS of

the constellation) at the PA output for a 64-QAM 100 Mbaud waveform as a reference. This value

represents the EVM level of the measurement setup system and is theoretically the minimum

EVM that can be achieved through the array.
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Figure 5.8: Reference EVM versus EIRP of 64-QAM 100 MBaud signal for entire quad 3, column 7 and
column 8 of quad 3 in TX mode measured in the far field.

Fig. 5.8 presents the far-field measured EVM versus EIRP of 64-QAM 100 MBaud signal

when the entire quad 3, column 7, and column 8 are turned on in TX mode, respectively. The

EVM of column 7 and column 8 are very close to each other, are 15 dB lower than when the

entire quad 3 is turned on. The difference in EIRP is smaller than the 18 dB we expected, which

can be caused by narrower beam width of the 8×8 quad, beam pointing angle error, and the lack

of calibration on the 8×8 array.

As mentioned in section II, the EVM in the high power region needs to be measured in

the near field using RX columns far away from the TX one. Fig. 5.9 presents the near-field EVM

of column 8 in quad 3 in TX mode measured by column 6 in quad 4 in the RX mode. At EIRP

> 26 dBm, the EVM increases quickly due to the linearity of the channels. At EIRP < 18 dBm,

the EVM also increases quickly due to the signal-to-noise ratio of the received system, and the

EVM from 18 to 26 dBm is close to the system EVM, which indicates that it is dominated by the

measurement setup.

The total transmitted power from the TX column can be calculated from the EIRP using

PCol_T x = EIRP−10log8−Gant−Lant = PCol_T x−12.5 dBm (5.6)

where Gant = 5 dB is the gain of the patch antenna. The average received power per element can
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Figure 5.9: EVM versus EIRP of 64-QAM 100 MBaud signal of column 8 of quad 3 in TX mode measured
by column 6 of quad 4 in RX mode using near field coupling.

be calculated using

Pel_Rx = PCol_T x +Ccol +2Lant−10log8 = PCol_Rx−9 dBm (5.7)

where Ccol = -38 dB at 27 GHz from column 8 in quad 3 to column 6 in quad 4. Using 5.6 and

5.7, the average received power per element at EIRP = 28 dBm is -34.5 dBm. At this power level,

the TX channels are backed off by 4 dB and the RX channels by 4.5 dB, which indicates that

the EVM can be affected by the linearity of both TX and RX channels. At EIRP = 12 dBm, the

average received power is -50.5 dBm and the received power at the DSO input is -37 dBm. The

DSO has a noise figure of 30 dB and noise floor of -144 dBm/Hz. For a 100 MHz modulated

signal, the DSO noise floor is−144+10log(108) =−64 dBm, and the resulting SNR at the DSO

is 27 dB. At 27 dB SNR, the calculated EVM is 4.4%, a little higher than the 3.9% measured

value. This can be caused by measurement errors since the coupling levels and the EVM are

measured in different setups, and only 1 dB higher SNR can decrease the EVM to 4%. A low

noise amplifier can be used at the DSO input to remove the EVM limitations caused by the low

SNR at the DSO input.

Instead of using an LNA to improve the SNR, different columns of RX probes are used to

measure the EVM at different power levels. Fig. 5.10(a) presents the EVM versus EIRP measured
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Figure 5.10: (a) EVM versus EIRP of 64-QAM 100 MBaud signal of column 8 of quad 3 in TX mode
measured by column 2, 4, 6 of quad 4 in RX mode using near field coupling. (b) Combined optimized
near-field EVM of quad 3 column 8 in TX mode.

from three different columns of RX probes. As expected, the curves show minimum EVM at

different EIRP levels and can be combined to alleviate the effect of RX channel linearity at high

power levels and received SNR at low power levels (fig. 5.10(b)). This method extends the EVM

measurement range and reduces the effects of other factors in the measurement system to better

represents the true performance of the TX channels.

Fig. 5.11 presents the comparison between the EVM of column 8 in quad 3 in the TX

mode measured in the far field and measured in the near field using column 6 in RX mode. The

two curves match closely from EIRP = 18 dBm to 26 dBm, but the EVM measured in the near

field starts to increase at a lower EIRP values. At the same EVM level of 5%, the EIRP is 2 dB

lower for the near-field results, which again indicates the effect of RX channel linearity. Columns

further away have been used as RX probe in quad 4, but as shown in Fig. 5.5(a), ripples appear
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Figure 5.11: Comparison of EVM vs EIRP of 64-QAM 100 MBaud signal of quad 3 column 8 in TX
mode between far-field measurements and near-field measurements using quad 4 column 6 in RX mode.

Rx Quad4 TX Quad3

TX ElementsRX Probes

4 3 2 1
1

3
2

4

8

7

6

5

8 7 6 56 4

EVM vs EIRP of TX Col 4

Figure 5.12: EVM versus EIRP of quad 3 column 4 in TX mode measured using quad 4 column 4 and 6 in
RX mode.

due to coupling cancellation and this causes the received signal to be unstable.

Fig. 5.12 presents the EVM of column 4 in quad 3 in the TX mode measured from column

4 and 6 in quad 4 in the RX mode, which shows that the same method can be applied to different

TX columns and obtain similar results and a wider dynamic range.

5.4 Conclusion

This dissertation presents a method to measure the error vector magnitude of a phased

array in the near field, which eliminates the requirement for complex far-field measurement setups,

reduces the cost of the measurement systems, and enables the calibration and verification to be

93



performed on phased arrays deployed in the field. The results show similar trends compared to

the far field ones, with the linearity limited by the RX channels and the EVM rising sooner as

EIRP increases.
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Chapter 6

Conclusion and Future Work

6.1 Conclusion

This dissertation presented research on low cost planar phased-array systems. It has shown

several use cases for phased arrays with emphasis on different aspects of their performance. Dif-

ferent methods were presented to resolved their existing artifacts and improve their performance

in either a general way or optimized for certain applications.

In chapter 2, the effect of intersymbol interference created by phased arrays when they

are scanned was presented and analyzed. The ISI increase with the scan angle and data rate,

which can cause degradation in EVM particular in the high-bandwidth 5G communication. This

is an effect from the use of phase shifters in the beamformer chips and it was shown that the ISI

can be equalized and eliminated by a simple linear equalizer, resulting in the minimum EVM

achievable by the system. The results were both simulated and demonstrated on a 16×16 phased

array, proving that even with the high data rate communication in 5G, a complicated true-time

delay module is not necessary for a high performing phased-array system.

In chapter 3, a novel method of greatly reducing the number of elements while keeping

narrow beamwidths and low sidelobe levels was presented. The approach utilizes the co-design
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of TX and RX arrays, and through a numerous iterations of randomly generated TX and RX array

designs, finds the optimal combination that yields the lowest TX×RX sidelobe levels, which

is suitable for radar applications. Such design has a high gain and EIRP compared to phased

arrays with the same number of elements that are uniformly distributed on the aperture at 0.5λ

spacing. A -40 dB TX×RX sidelobe level was presented and low sidelobes can be maintained

up to 60◦ scan. For a automotive radar system that needs to be produced in large volume, this

method reduces the cost of the system significantly.

In chapter 4, a new method of calibrating the phased array based on 2×2 sub-arrays was

presented. It was shown that when 4 channels in a 2×2 quad are activated, the active input

impedance is closer to that of a infinite array, and closer to a fully activated phased array under

normal operation conditions. It also presented that the patterns of the 2×2 quads show lower

variations and ripples, and therefore yield a more robust calibration at different scan angles. The

VGA range needed for this method is lower, which improves the array performances with taper.

Although any systematic error within the 2×2 quad needs to be calibrated in advance, the new

method is still overall an improvement compared to the traditional single element calibration,

with an extra benefit of reducing the measurement time by 75%.

In chapter 5, a method of measuring the EVM of a phased array in the near field was

presented and investigated. This is an extension of the built-in-selt-test (BIST) phased array

calibration in the near field [13]. The performance of the phased array and its calibration can

be verified through EVM measurements. This method has shown close results to the ones

measured in the far field, with the RX channels acting as probes limiting the linearity of the

measurement systems. The resulting EVM rises earlier as EIRP increase. Nonetheless, near-field

EVM measurements were shown to be a viable method for phased arrays deployed in the field.
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6.2 Future Work

The phased array calibration and optimization methods presented in this dissertation may

be expanded and improved in a few aspects:

1) For the ISI equalization, an analog-to-digital converter and digital equalizer can be

implemented after down-converting the RF signal to IF frequencies. The equalizer architecture

can be implemented on an FPGA instead of using the equalizer in the digital oscilloscope.

2) For the randomized array with reduced elements, the presented method uses a simple

random search of different phased array combinations. An optimized adaptive search algorithm

can be used to reduce the search time and possibly improve the results. The existing search seeks

to only optimize the sidelobe levels at broadside but other parameters such as sidelobe levels at

different scan angles and directivity can be added to find the required random distributions.

3) For the 2×2 calibration method, an argument that the active impedance is closer to a

fully activated array was made. It would be useful to compare the measurement results to those

measured with a near-field scanner, where all elements in the array are activated as well.

4) For the near-field EVM measurements, the results can be improved by improving the

linearity of the RX channels. This can be done by reducing the gain of the RX LNA in the

current system, but only to some extend. RX channels with higher linearity should be used for

this measurements. A column-to-column EVM measurement was chosen due to the coupling

cancellation when the entire array was turned on. It would be helpful to study the canceling

mechanism and the relationship of the EVM of a each column to the EVM of the entire array.
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