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ABSTRACT OF THE DISSERTATION

A mm-Wave Receiver with Simultaneous Beamforming and MIMO Capabilities
By
Seyed Mohammad Hossein Mohammadnezhad
Master of Science in Electrical Engineering
University of California, Irvine, 2018

Professor Payam Heydari, Chair

This thesis presents analysis and design of overlapping multi-elements in a multi-stream
beamforming-MIMO architecture to achieve higher beamforming and spatial multiplexing
gains with lower number of elements compared to conventional architectures. As a proof of
concept, a 4-element beamforming-MIMO receiver (RX) prototype operating at 64-67GHz!
enabling 2-stream concurrent reception is designed and measured. By partitioning the RX
elements into two clusters and partially overlapping these clusters to create two 3-element
beamformers, both phased-array (coherent beamforming) as well as MIMO (spatial multi-
plexing) features are simultaneously acquired. 6-bit phase shifters (PSs) with 360° phase
control and 5-bit VGAs with 11dB range are used to enable steering of the two RX clusters
toward two arbitrary angular locations corresponding to two users. Fabricated in a 130nm
SiGe BiCMOS process, the RX achieves a maximum direct conversion gain of 30.15dB and
a minimum noise figure (NF) of 9.8dB across 548MHz IF bandwidth. S-parameter-based
array factor measurements verify the interference suppression and spatial multiplexing in

this partially-overlapped beamforming MIMO RX.

!'The FCC’s newly allocated 64-71GHz band for high-speed wireless links between small cells

vi



Chapter 1

Introduction

There is an ever-increasing demand of high-speed communication for both wireless long to
short-range [10] and wireline applications [6,7]. The recent trend for facilitating high-speed
communication has been to take advantage of the abundace of bandwidth available at higher
frequencies. Multi-antenna architectures are essential at mm-wave frequencies to overcome
excessive path loss and to facilitate reliable high data-rate, short-to-long range communica-
tion. Uncorrelated multi-antennas (MIMO) enhance data rate by simultaneous transmission
of data streams through multiple independently faded channels. Additionally, coherently
excited directive multi-antennas with dynamic beampatterns (phased arrays) enhance er-
godic capacity by achieving higher SNRs. The theory of hybrid systems has recently been
introduced to simultaneously attain the advantages of both MIMO and phased array. A
conventional representation of a multi-cluster N-element hybrid is shown in figure 1.1, where
each cluster, U;, employs M dedicated phased-array elements. However, this approach may
require excessive number of dedicated elements and high-complexity multi-stream digital
baseband processing. A realization of hybrid has been introduced in [1]. This Cartesian
combining RX inherently requires large number of splitters, multi-stage combiners, and mix-

ers (e.g., 12 mixers for only 2-stream reception). Furthermore, the proposed RX suffers from
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Figure 1.1: Conceptual presentation of a hybrid system and the proposed idea with partially-
overlapped clusters

detrimental effects of too many cross-overs between signal paths. This complex architec-
ture makes the design very challenging, if not impossible, at higher frequencies and seems

impractical for higher number of streams.

To address these issues, this thesis presents the first partially-overlapped beamforming-
MIMO RX operating in 64-67GHz! with independent amplitude and phase excitation for
concurrent beamfroming and multi-stream reception, where N elements are partitioned into
overlapped clusters of M beamforming elements with an arbitrary overlapping depth of K.
Compared to a conventional hybrid, this idea achieves a higher MIMO multiplexing gain for
a given number of phased-array elements per cluster. K and M are selected based on the
trade-off between coherent processing and multiplexing gains required for a specific applica-

tion.

'The FCC’s newly allocated 64-71GHz band for high-speed wireless links between small cells



1.1 Baseband Design

Design of the baseband circuit is determiend by the required RF bandwidth, power budget
and the intended application, ranging from few Hz and micro watts for biomedical application
[15] to several GHz and watts for high speed wireless communications. Data converters are
known to be the dominant source of power consumption at massive MIMO BS. To address
the target data rates expected in 5G wireless communication, data converters with very
fast sampling rates, high bit resolution and SFDR are required. ADC power consumption
increases linearly proportional to sampling rate, f;, and exponentially proportional to bit

resolution, B.

However, it can be shown that distortion and receiver noise become trivial as the number

of antennas increases [11]; therefore, dynamic power of massive MIMO can be reduced by a

factor of v/M while the static power consumption at base station (BS) increases by a factor

of M. It is proved in that with this scaling law design technique ADC bit resolution can be
loga M

reduced by as high as “£= while the power consumption of ADC, LNA, and Mixers can be

reduced by a factor of v/ M [11].

Based on this concept, an alternate method to designing costly high-speed ADCs is to design
multiple sub-ADCs with low resolution (1 to 3 bits) for massive MIMO systems with many
number of antennas. The capacity of a mm-wave MIMO system with one-bit quantization
increases linearly with log(Ngx) for SIMO channel and linearly with min{Ngx, Nrx, Lpatn}
for MIMO channel, where Ngx, Nrx, Lpa, are the number of receiver, transmitter and
multipath antennas respectively [12]. However, the non-linear distortion of low resolution
ADCs will result in sub-optimal signal processing algorithms and enforces the use of more
front-end antennas (at least 2 to 2.5 times more [13]) to compensate for the spectral efficiency
loss. To combat such degradations, mixed-ADC architectures are suggested, where a small

number of high resolution ADCs are included in addition to 1-bit ADCs resulting in less



complex detection due to improved linearity of baseband [13].

At low SNR regimes, since system performance is not limited by SQNR (SQNR > SNR)
increasing the number of RF chains is more effective in improving the data rate than going
towards high resolution ADCs. At high SNR, the system data rate saturates due to integrated
noise and system performance gets limited by achievable ADC resolution. Increasing the
ADC resolution reduces the quantization noise compared to system noise and improves
energy efficiency per achievable data rate. At higher ADC resolutions, limited improvement
in data rate cannot compensate for exponential increase in power consumption and results

in energy efficiency degradation [14].

1.2 Channel Estimation

To approach the capacity limit, knowledge of CSI at transmitter side is required. This
way, hybrid beamforming designs can achieve performance close to all-digital architectures.
CSI acquisition can be very costly. Furthermore, Increasing the number of antennas for
mm-wave channels requires expensive spectral resources during CSI determination. At mm-
wave frequency, CSI error due to pilot contamination is highly suppressed and CSI can be
acquired based on ray-tracing model by estimation of AOD (angle of departure), AOA (angle

of arrival), and paths gains.

Additionally, mm-wave channel exhibits spatial/angular sparsity and number of resolvable
paths for both indoor and outdoor communication is very low (i.e. less than four) resulting
in a low-rank channel response matrix. Therefore, due to low number of detectable paths,
parameterized techniques such as interference cancellation (interference of clusters on each

other) in addition to MUSIC algorithm? can be utilized to distinguish between multi-paths

2MUSIC algorithm utilizes the eigenvectors decomposition and eigenvalues of the multi-antenna covari-
ance matrix for estimating AODs/DOAs of parallel data steam based on signal and noise subspaces.



(parallel data streams), then DOA (direction of arrival) and LS (least squared) methods can

be used to estimate paths directions and paths gains respectively.

Using the interference cancellation in addition to MUSIC algorithm in detecting each path
separately instead of approximating all the multi-paths parameters simultaneously results
in higher suppression of additive noise in mm-wave channel and high resolution detection of
angle directions for each cluster. Additionally, recent research suggests that in hybrid archi-
tectures by providing average CSI to RF beamformers and acquiring CSI for low-dimensional
digital beamformers within each coherent fading block, CSI acquisition overhead can be re-

laxed and the system can still adopt to fast varying channels [7].

Once paths directions and gains are acquired, RF beamformers and VGAs can be configured
to enhance beamforming gain and interference suppression within and between clusters to

further maximize the capacity based on the acquired CSI.



Chapter 2

A Beamforming-MIMO Receiver

The proposed 4-element beamforming-MIMO RX for K=2, M=3, N=4 is shown in figure
2.2 [9]. These 4 elements are decomposed into 2 partially-overlapped clusters of 3-element
beamformers to simultaneously steer the RX toward 2 arbitrary incident angles (Fig. 1(b)).
Inter-element spacing within and between clusters in this architecture is set equal to A/2,
critical spatial sampling spacing, to avoid spatial aliasing in diversity beampatterns. Coher-
ent processing gain within each cluster combined with spatial multiplexing gain from these 2
clusters improve reliability /diversity of high-rate multi-stream links at both low SNR (where
performance is limited by energy-per-bit) and high SNR (where performance is set forth by

channels degrees-of-freedom).

Two LNAs (LNA2-3), shared between U; and Us, are followed by splitters to allow indepen-
dent amplitude/phase control for these 2 clusters. The signals U;,e%1* and Uspel®2r | 1<k<4,
from distinct incident angles #; and 6, appearing on 6 RF channels are fed to 6-bit phase
shifters (PS) (¢;; 1<i<2, 1<j<3) to be steered independently toward a desired angle. The
phase-shifted signals are then fed to 5-bit VGAs (A4;; 1<i<2, 1<j<3) to suppress interference

due to concurrent data reception of the other cluster by null steering technique explained in



Beam'’s null-
U, AF space of U,

Y
Beam’s null-
space of U,

Figure 2.1: Spatial overlapping of two clusters array factor

section VI. Furthermore, any static amplitude or phase mismatch between RX’s RF chan-
nels is compensated with high dynamic range of VGA and reference control of PSs. The
VGASs’ outputs within each cluster travel through carefully laid-out equi-length paths to a
3-to-1 combiner, where they are coherently power-combined at the desired incident angle
(U2’ for cluster 1(2)) and suppressed at the undesired (Up)e?®® for cluster 1(2)).
A direct-conversion receveiver is designed. 1Q mixers down-convert the RF signals at each
combining node using a shared integrated LLO network to be filtered and amplified in the
baseband. To characterize RF channels, the RF signal at each cluster’s combining node is
monitored at the output of a tap coupler after differential to single-ended down-conversion
with an on-chip balun. An 86-bit SPI is added on-chip to control tuning of phase shifter and

VGA settings in addition to bias circuits.

Figure 2.1 shows an example scenario where the array factor of user 1 of cluster 1 shown in
black is spatially multiplexed with the array factor of user 2 of cluster 2 shown in red. To
enable spatial multiplexing, mainlobe of user 2 of cluster 2 is put on top of the null location
of user 1 of cluster 1. Mainlobe and null location of cluster 1 are independetly set from

mainlobe and null of cluster 2.
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Figure 2.2: The 4-element realization of the beamforming-MIMO RX




Chapter 3

The Receiver RF Chain Design

A single RF channel from LNA to combiner input is shown in figure 3.1. Each RF-channel
starts from an LNA front-end and passes through splitter, phase-shifter and VGA. After
power combiner, a test output is taken to measure RF frequency response, VGA amplitude

response and phase shifter phase response.

3.1 LNA

Each RF channel employs a 4-stage LNA. The first stage of LNA is an inductively degen-

erated common source stage to achieve simultaneous noise/power match. The first stage is

o oo All-Pass
Filter

Phase Shifter VGA

[ QAF ymm B | s oo
RFin» _<: — dratu?’e bl br]l bL2] b3l bl4]l ito RF test PAD
Soo Q‘;& & o W

LNA  Wilkinson

Figure 3.1: Single RF channel from LNA input to RF test PAD
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Figure 3.2: Schematic of 4-stage LNA

followed by a cascode stage designed for max available gain (MAG). After single-ended to
differential conversion of RF input with an on-chip balun, the differential signal is fed to 2

neutralized differential stages to improve MAG and stability (figure 3.2).

3.2 Phase Shifter and VGA

Independent phase and amplitude controls at each RF channel were realized using 6-bit
quadrature Gilbert-based PS and 5 passive w-stage. The PS QAF was de-Q’d to achieve
pole-splitting and its characteristic impedance was optimized, considering the capacitive load
seen by QAF, to compensate for 1Q amplitude/phase errors and improve phase-linearity
across a wider BW. An extra precision bit was added to PS DACs for fine tuning of phase

states (figuer 3.3).

The measured 32 phase states of a single RF channel produced by 6-bit PS with 11.25° phase
resolution is shown in figure 3.4, verifying a constant group delay and achieving RMS phase

error better than 2.8° in the RF-BW.

The VGA incorporates inductors within and between m-stages to reduce RMS phase error
across attenuation range and resonate out switches’ parasitics (figure 3.5). Interstage am-

plifers are added within VGA’s 2dB and 4dB steps to further compensate for the passive

10
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Quadrature Phase Shlfter

Figure 3.3: Schematic of quadrature Gilbert-based phase shifter

360 5
270 0
) I FEN S
180 &
0 a
g 90 g S 2.8l
: : i
g ° w
- Q P | |
& :
-180 a
21
-270 z
64 65 66 67
Frequency (GHz) 64 F?é;quency (Gel-?z) 67
(a) Measured phase shifter response (b) Measured phase shifters RMS phase error

Figure 3.4: Measured phase shifter response and measured phase shifters RMS phase error

network’s loss in off mode. The 5-stage VGA with interstage amplifiers achieves a measured

11dB dynamic range, while exhibiting RMS gain error smaller than 0.32dB in the RF-BW

(figure 3.6).

11



.........................................
e .~

Se |
...........................................

VGA Attenuator Stage

Figure 3.5: Schematic of passive m-stage VGA
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Figure 3.6: Measured VGA steps and measured VGAs RMS gain error

3.3 Matching Network Design for Baluns

Fig. 3.7(a) shows the equivalent circuit of a balun, which is loaded with an input resistor
R; and an output resistor Ry. An alternative circuit representation of a balun in terms of
leakage inductor, magnetizing inductor, and an ideal balun is shown in Fig. 3.7(b). The
resistor Ry = Rpc, |Rpr, | Rs captures the 50 € source resistor (Rg) in parallel with the loss
of inductor Li(Rpy,) and capacitor C1(Rpc,). Likewise, the resistor Ry = Rpc,|RpL,|RL

is comprised of 100 €2 load resistor (Rj) in parallel with the loss of inductor Ly(Rpr,)

12



and capacitor Co(Rpc,). The primary and secondary sides of the balun are tuned with
capacitors Cy and (s, thereby enabling impedance matching on both sides and minimizing
insertion loss. To realize a double-tuned balun, the primary and secondary sides should
resonate at two distinct resonance frequencies w,; and w, s, where w,; = wy — Aw/2 and
wra = wo + Aw/2, respectively. wy represents the pass-band’s center frequency and Aw
denotes the difference between the two resonant frequencies (see Fig. 3.7(c)). Assuming
that the secondary side is already tuned at w,, the primary side’s component values are
determined such that the primary side resonates at w,;. For Aw < v/0.2wy, the secondary

impedance at w,; is approximated as [8]:

Ry

Zsec‘"-}r7 %—w 3.1
(on1) ~ T (3.1)

where ()5 is the loaded quality factor of the secondary side. The secondary impedance,
Zsee(wr1), at the primary’s resonance frequency is inductive. Therefore, it is modeled as an

equivalent series RL network (see Fig. 3.8), i.e.,

Zsec(wr,l) = Rsec<wr,1) + jLsec<W7",1)w7‘,1

Ry
Rsec r = T A 9Awo
(wr1) 1+ (Q22f_0w)2 (3.2)
Reo(w, 2Aw
Lsec<wr,1) = ( ,1> X QQ
Wr 1 wo

To cancel the imaginary part of the input impedance due to Ly (1 — K?) and Lge.(w;.1), C

needs to be:

o — Li(1 = K?) + n?Lgec(wr1) 13
e 2 2 2 2 2 2 ( : )
[n Rsec(wnl)] + wm[Ll(l —K?)+n Lsec(wm)]

where n is the effective turn ratio and K is the coupling factor. Assuming series resistive loss

of the leakage inductance is negligible compared to n%R,.., under input matching condition

13
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Figure 3.7: Circuit models for the loaded double-tuned baluns.

- 2 nsteC
R, c, (1L

— 2
$ —— N“Rsec

Figure 3.8: The equivalent circuit model form the primary side.

at wy1, Ly is calculated to be:

n
L= "
Y w1 - K?)
RPC R TL2L (34)
Rsec U1 S o 2R2 o sec
X \/ (RP,Cl . Rs) N lgee 1— K2
The value of L; will always be positive if the following inequality holds:
Wo Vv1-— K2
A .
w<g 0 X — (3.5)

It is noteworthy that this inequality imposes a more stringent constraint on Aw compared
to Aw < v/0.2wy for K > 0.4 and Q > 2. Hence, L; always assumes positive values. After
calculating L; and C1, Ls is estimated by Ly = Llf—j. Moreover, (5 is obtained to tune the

secondary at w2 = wo + Aw/2 = 1/4/LyC5.

14



3.4 Frequency Response of Double-Tuned Baluns

To improve bandwidth of the power splitter in this work, the frequency response of magnet-
ically coupled tuned circuits is revisited. In particular, the normalized frequency response of
a double-tuned balun is approximated as a function of the loaded primary/secondary quality

factors, the coupling factor, and the pass-band’s center frequency:

H Q1Q2 w/wo - wo/w)
T'LOT‘TTL 1 + K2Q1Q2
n 2(w/wy — wo/w)V/Q1Q2 2\ (3.6)
14+ K2Q:1Q2 .
0] PO

e

=

E

= ol
J +K 0.4, Kper=0.45,Qper=2.2
J [ |#K=0.45, K,,;=0.45,Qe;=2.2
D o K= 045 Knet 04Qnet 2.5

-3 —05 05
QAw/wO

Figure 3.9: Frequency response of double-tuned balun.
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Figure 3.10: Fractional bandwidth as a function of coupling factor.
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where (01 and () are the loaded quality factors of the primary and secondary, respectively.
From Fig. 3.9, it is observed that the bandwidth increases with an increase in the coupling

factor. It is proved that a double-tuned balun will assume a maximally flat response if

and only if the coupling factor K becomes K,; = 1/Quet = 4/0.5(1/Q% + 1/Q3). For
K > K, the frequency response starts to show two peaks at w,; and w,2. In other
words, for K > K., increasing loaded quality factors (J; and (), leads to wider separation
of the two resonance frequencies and sharper pass-band to stop-band transition, and thus,
wider bandwidth. This comes at the expense of larger in-band ripples. This behavior can be
exploited to cascade multiple tuned circuits (e.g., multi-stage power splitters) so as to realize
higher-order response with more degrees of freedom to better control the overall bandwidth,
in-band ripple, and transition sharpness. For example, the first stage can be designed with
coupling factor close to K, to provide a flat frequency response, and the subsequent stages
within the chain are designed at the same center frequency and slightly higher quality factor
to compensate for the roll off of the first stage at higher frequency offsets from the center
frequency. This method is eventually limited by the quality factors of primary/secondary
inductors and tuning capacitors. The fractional bandwidth of two double-tuned circuits in
cascade for coupling factors varying from 0.1 to K, and for six different values of loaded
quality factors between 1.25 and 2.5 is shown in Fig. 3.10. This figure clearly shows that
for higher values of loaded quality factor, the fractional bandwidth increases with a higher

slope as a function of coupling factor.

A max gain per channel of 12.3dB was measured from LNA input to RF test PAD at the
center frequency of 65.5GHz with 3GHz RF-BW after VGA compensation for any gain
or phase mismatch between RF channels. Gain or phase mismatch between different RF-
channel are one-time calibrated before the start of measurements by VGA and phase shfiters.
So1 outputs from LNAT input to RF test PAD 1, LNA2 input to RF test PAD 1, LNA3 input
to RF test PAD 1 are shown in figure 3.11a. The measured IP1dB is shown in figure 3.11b.

The measureed worst-case IP1dB of RF channels is -16.3dBm at 65.5GHz. Upon down-

16
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Figure 3.11: Measured s-parameter of RF channels and worst-case IP1dB
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Figure 3.12: Measured conversion gain, NF and I/Q phase and amplitude error

conversion, a conversion gain of 30.15dB was measured with 548MHz [F-BW. The measured
DSB NF's for diffferent VGA settings are shown in figure 3.12a for min and max VGA settings
of LNAT input to BB1 output and LNA2 input to BB1 output. The measured DSB NF of a
single RF-to-BB channel for these VGA attenuations varies from 9.8-11dB and 11.5-12.7dB,
respectively, across the IF band of interest. The IQ amplitude/phase errors were measured

to be less than 0.8dB/3.6° across the IF-BW (3.12b).

17



Chapter 4

Inter-element Coupling

Inter-element couplings within or between clusters have been investigated, as they can in-
crease gain/phase error at combining nodes. Sources of coupling between adjacent RF chan-
nels, RF channel 1 and 2 and RF channel 2 and 3 of cluster 1 are depicted in figure 4.1 and

4.2 respectively. Coupling paths between these two RF channels include:

(a) last single-ended stage of LNA3 to the input of LNA2

(b) after phase shifter ¢13 to ¢a3

(c) after VGA Aj3 to to ¢o3 or Asg

the coupling signal power after passing through these three different paths are given by:
(a) Peoupteda = (GainpnasGaingy a2Gaingi,, A12) Psg

(b) Peoupieap = (GainpnasGaing, ,Gaing,,A12) Py,

(€) Peoupted,c = (GainpyasGaing,, Ai1sGaing,,A12)Psig

Coupling path (case a) is the dominant source of coupling in the designed receiver, where

18
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Figure 4.1: Coupling path between RF channels 1 and 2 of cluster one

LNA2 I @

SD>e (e ™

o

D=
Coupled Path .

|— Desired RF Channel J @

B L B (=i

6b

Figure 4.2: Coupling path between RF channels 2 and 3 of cluster one

cluster 1 and appears at the combining node of cluster 1.
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the signal at the last single-ended stage of LNA3 couples to the input of LNA2 and after

getting amplified by both LNA2 and LNA3 passes through the undesired RF channel 2 of

Bypass rails between RF channels of these two clusters heavily suppress the coupling from

differential phase shifter to phase shifter (case b) or differential VGA to phase shifter of VGA

In order to measure coupling effect between RF channels 2 and 3 of cluster 1, ¢;3 is set as

reference phase and ¢o3 and ¢qo are adjusted to four different values of zero, 7/2, 7, and
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(b) Measured undesired gain variations for
different phase shifter settings due to coupling

between channel 2 and 3

(a) Measured undesired gain variations for
different phase shifter settings due to coupling
between channel 1 and 2

Figure 4.3: Measured undesired gain variations for different phase shifter settings due to
coupling between RF channels 1 and 2 and RF channels 2 and 3

3m/2.

Phase differences of zero and 7 result in maximum gain error and 7/2 or 37/2 result in
maximum phase error after cluster combining. Figure 4.5a and 4.5b shows the measured
RMS phase/gain error at the combing node due to channel 2 and 3 coupling across all phase

states. The measured RMS gain/phase errors due to coupling are less than 0.56dB/1.4° in

the RF-BW.
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(a) Quadrature Gilbert-based phase shifter (b) passive m-stage VGA

Figure 4.4: RMS gain and phase error due to coupling between RF channel 1 and 2
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Figure 4.5: RMS gain and phase error due to coupling between RF channel 2 and 3

Coupling can also happen from RF channel 1 to RF channel 2 of cluster 1 or 2. Dominant
source of coupling is again from the last single-ended stage of LNA1 to the input of LNA2,
where the signal sees a gain of Gaingya1Gaingya2Gaing,, Ass and appears at the combining

node.

The dominant source of coupling is depicted in figure 4.1, occurring between closest adjacent
RF channels (LNA1-¢11-A;; and LNA2-¢19-A15) where the output of the last single-ended
stage of LNA1 couples to the input of LNA2 and after amplification will introduce gain/phase
errors at port 5. Ss; is measured when coupled and desired RF channels are turned on, ¢q;
is set at reference, and ¢15 and ¢o3 are set to zero or m to measure max gain error, and
7/2 or 3m/2 for max phase error, while keeping ¢;; constant at 0°. Gain variation due to
coupling between RF channels 1 and 2 for 4 different phase settings is shown in figure 4.3a.
To lower these errors, low-impedance bypass rails were placed between adjacent channels
and dedicated VCC/GND planes were designed for single-ended stages. The measured RMS
gain/phase errors due to coupling are less than 0.54dB/2.27° in the RF-BW (figures 4.4a

and 4.4b).
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Chapter 5

Null Steering and

Spatial Multiplexing

Beam-shaping of each cluster’s array factor (AF) by adjusting PS and VGA settings allows
spatial multiplexing of these clusters. The null location for each cluster is steered with VGA
steps, enabling each cluster to suppress interferences at undesired incident angles located in
its null space, particularly at mm-wave where angular spread at angle of arrival is narrow.
Normalized AF extracted from s-parameter measurements of RF channels within each cluster
for 512 VGA settings are shown in figure 5.1, and compared with the ideal AF. The AF plot
for a subset of VGA settings under a constant array gain is shown in figure 5.2, which
demonstrates the trade-off between beamwidth and sidelobe level upon null-steering. Shown
in 5.3 is the measured spatially multiplexed AFs of 2 clusters steered concurrently toward
exemplary angles of #; = 60° and 6, = 90°, where VGAs in each cluster were configured
to achieve better than 20dB interference suppression from the other cluster. The measured
phase steering capability of each phased-array cluster is shown in 5.4. The measured signal-
to-interference ratio (SIR) at the combining node of a 3-element cluster with its AF steered

toward broadside is shown in 5.5, where the incident angle of interference is swept from 5°
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Figure 5.1: Measured array factor of each cluster for 512 VGA settings
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Measured array factor for tapered VGA settings
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Figure 5.2: Measured array factor of each cluster for constant array gain

to 175° with 15° steps. To test the RX robustness to angle estimation errors, a +LSB/2 (=
+5.625°) error is introduced to each step. An SIR > 15dB was achieved across wide null-
steering intervals (22.5°-74° and 106°-157.5°) due to 11dB dynamic range of the VGA. To
further extend this interval and capture undesired incident angles as close as HPBW /4 from
the desired incident angle, the main-lobe of the desired angle is slightly offset from broadside
(max offset < HPBW/4). It is noteworthy that by increasing the number of elements, SIR
and null steering interval can be enhanced due to narrower HPBW and higher suppression

of sidelobes.
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Figure 5.3: measured spatially multiplexed array factors of 2 clusters (ideal array factors are
shown in dashed) steered concurrently toward 60° and 90°
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Figure 5.5: Measured signal-to-interference ratio (SIR) of a cluster steered toward broadside
with interference incident angle swept from 5° to 175°
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Chapter 6

Conclusion

Figure 6.1 Shows the 3.5x3mm? die micrograph of the 4-element/6-channel RX prototype
implemented in 130nm SiGe BiCMOS process. The comparison table with prior arts [2-5]
is presented in table 6.1. For a comparable conversion gain, the proposed 4-element RX
consumes lower DC power (88mW per RF-to-BB channel including LO and 2 Mixer-BB)
while showing better NF (RF-to-BB DSB NF) and linearity. More importantly, a MIMO
multiplexing gain of 2 is achieved in the proposed RX in contrast to no multiplexing gain in
conventional phased array architectures. In conclusion, A 4-element RX architecture with
simultaneous beamforming and MIMO capabilities both implemented in the RF domain were
presented. By decomposing RX elements into 2 partially overlapped beamforming clusters
with independent amplitude and phase control, the proposed RX achieves a higher MIMO
multiplexing gain compared to conventional phased array or hybrid architectures with the
same number of elements per cluster. Measurement results were presented showing excellent
agreement with simulation, while verifying the system-level feature of concurrent spatial

multiplexing and interference rejection.
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Figure 6.1: Die micrograph of the propopsed 4-element RX

ISSCC TMTT JSSC TMTT .
This Work
2017 [2] 2017 [3] | 2012 [4] | 2013 [5]
RX
TRX TRX RX RX
) Phased
Architecture Phased Phased Phased | Phased
Arra Arra; Arra Arra Array
Yy Yy Yy Yy MIMO
Phase Shifting RF LO RF RF RF
Process 130nm 90nm 130nm 130nm 130nm
# of Channels 16 4 4 16 6
Integration RF/LO/BB | RF/LO/BB RF RF/LO/BB | RF/LO/BB
Frequency (GHz) 27-29 71-86 76-84 76-84 64-67
Max Conv. Gain (dB) 34 26.2 10.1-18.9 30-33 30.15
Channel NF(dB) 6 * 9-14 10-11 11.4-13 98-117
Gain Control (dB) 8 - 9 11.2 11
Input P1dB (dBm) -22.5 -30.6 -26.7 -23 -16.3
Ppc (mw) 3300 286 ** 130 ** 1200 528 11
MUX.
MIMO Gain NA NA NA NA 2
Capability
Streams 1 1 1 1 2

* NF of LNA+ front-end switch only ** Pp per RF channel

1 NF of the complete chain (RF to BB)
11 Ppc of all channels for 2-streams (including Mixer-BB-LO)

Table 6.1: Comparison table
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