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Abstract—This paper implements a wide aperture high-
resolution true time delay for frequency-uniform beamforming
gain in large-scale phased arrays. We propose a baseband
discrete-time delay-compensating technique to augment the
conventional phase-shift-based analog or hybrid beamformers.
A generalized design methodology is first developed to compare
delay-compensating analog or hybrid beamforming architecture
with their digital counterpart for a given number of antenna
elements, modulation bandwidth, ADC dynamic range, and
delay resolution. This paper shows that delay-compensating
analog or hybrid beamformers are more energy-efficient for high
dynamic-range applications compared to true-time-delay digital
beamformers. To demonstrate the feasibility of our proposed
technique, a four-element analog delay-compensating baseband
beamformer in 65-nm CMOS is prototyped. A time-interleaved
switched-capacitor array implements the discrete-time delay-
compensating beamformer with a wide delay range of 15-ns
and 5-ps resolution. Measured power consumption is 47 mW
with frequency-uniform array gain over 100-MHz modulated
bandwidth, independent of angle of arrival. The proposed delay
compensation scheme is scalable to accommodate the delay
differences for large antenna arrays with higher range/resolution
ENOB compared with prior art.

Index Terms— Multiple-input and multiple-output (MIMO),
beam squinting, 5G, time-interleaving, true-time delay, mod-
ulated bandwidth, large scale arrays, discrete-time analog
processor.

I. INTRODUCTION

HE dramatic growth in information data rates in the
past decade are driving research and development of
high data-rate energy- and spectral-efficient communication
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networks [1]-[3]. This unmet need to support larger capac-
ities has led to deployment of dense networks using
small-cell technology, large antenna arrays employing beam-
forming, and wide modulated bandwidths (BW) at sub-6GHz
and millimeter-wave (mm-wave) frequencies in applications
such as fifth-generation wireless (5G) [4], and satellite
communications [5].

This work focuses on hardware architectures for beam-
forming. These architectures can be broadly classified as
analog [6]—[8] or digital [9], depending on the application of
beamforming in the signal path. In the analog domain, the nec-
essary phase-shift is implemented at the mm-wave or REF,
LO or baseband (BB). Irrespective of the implementation,
the current state-of-the-art in array signal processing are
dominated by phase-shifters (PS). PS-based beamformers have
been well known for over a century, largely employed for
radar systems to overcome path loss and enable advanced
signal processing [10]. They are popular, and adequate so far,
because the modulation BWs have been relatively smaller, and
the number of antenna elements is limited in the array. In such
a narrow-band system, a time delay can be approximated by an
angular phase shift [7]. However, for a system with either wide
modulated BWs or a large number of antennas, this approx-
imation is not valid and causes beam squinting [11]-[14].
Therefore, for next-generation wideband wireless networks,
a true-time-delay (TTD) is necessary to accommodate the
delay differences for larger antenna arrays and achieve uniform
beamforming gain over wide modulated BW [11]. In a prior-
work [14], we demonstrated a TTD at BB using a discrete-
time delay-compensating technique for spatial interference
cancellation. In this work, we propose a discrete-time delay-
compensating technique to implement the TTD at BB for
beamforming. Following are the contributions of the proposed
work compared to prior-art and [15]:

1) Beam squinting and frequency-dependence of beam-
forming gain is described in prior PS-based beam-
formers, thereby explaining the need for TTD based
beamformer (Section II).

2) A generalized design methodology for discrete-time
N-element analog/hybrid beamformers is presented, and
the discrete-time delay compensating technique of [15]
is leveraged for beamforming (Section III).
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Fig. 1. Model of an N-element array.

3) Design considerations and comparisons are presented
for analog/hybrid and digital delay-compensating tech-
niques in area and power consumption, (Section III) and

4) A proof-of-concept prototype for a 4-element analog
beamformer with discrete-time delay-compensating ele-
ments is implemented in 65 nm CMOS and the mea-
sured results demonstrate a sampled time-delay based
frequency-uniform beamforming across 100 MHz mod-
ulated BW with 15 ns range and 5 ps resolution
(Section IV). To the best of our knowledge, this is the
largest range/resolution ratio exceeding prior art by more
than 4.4 bits. This proposed BB implementation permits
compatibility to various RF front-ends.

II. PS-BASED vs TTD-BASED BEAMFORMERS

Beamforming, beam squinting, and phased-arrays have been
described in detail in [7]-[9], [11], [12], [14]-[18]. Herein,
we briefly revisit the basic concepts to establish that the pop-
ular PS-based beamformers are inadequate, and TTD-based
beamformers are needed, to avoid beam squinting for a large
number of antennas (e.g., in massive MIMO base stations),
wide modulated bandwidths (in next-generation communica-
tion standards), and large angle of arrival (AoA) coverage.

Consider an N-element linear phased array receiver (RX)
model in Fig. 1, with an inter-element time-delay modeled as:

d sin (0)

‘e fe
where, At and d are the time delay and the distance between
two consecutive antennas, respectively, @ is the AoA, and A¢
is the wavelength corresponding to the center frequency, fc.
A beamforming RX first compensates this time delay and
then adds the aligned signals for beamforming. In a narrow-
band system, this time delay is approximated by an angular
phase shift [7] (Fig. 2(a)). The normalized beamforming gain
(Gain/N) in a PS-based RX can be written as (2). Since
the phase shift unit, (Ag), is independent of frequency, f,
the normalized gain is frequency-dependent.

At

1)

N—1
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The normalized beamformer gain (Gain/N) is plotted versus
normalized frequency (f/fc) for & = 45° in Fig. 2(a). It is
observed that the normalized 3dB bandwidth (NBW34g —
normalized frequency range where the normalized beamformer
gain drops by 3 dB) becomes smaller with an increasing
number of antennas in a PS- based beamformer as illustrated
in II(a). While not an issue for small N, the frequency-
dependent gain becomes more severe in large-array trans-
ceivers supporting large array applications with wide
modulated BWs (Fig. 3), as described in [14].
As proven in [16], [17], for large values of N, the NBW3g4p
is given as:
NBW3dB =& 3)
N - () Isin @)

Thus, for a system with wide modulated BWs, a large num-
ber of antennas, or AoA near its worst cases (i.e. 8 =
—60° or 60°), beam squinting is experienced in a PS-based
beamformer (Fig. 2(a)). This frequency-dependent beamform-
ing gain acts as a bandpass filter and introduces distortion and
degrades desired signal-to-noise ratio (SNR).

In contrast, a TTD-based beamformer (Fig. 2(b)) avoids this
problem as the gain is fundamentally independent of frequency
and AoA even for a large N.

Because the delay-compensation at RF is equivalent to its
implementation in the BB after the downconversion mixer
and a phase shift, the TTD-based beamformer can be real-
ized through delay-compensation in RF or BB as shown
in Fig. 4(a). Various implementations for the required TTD and
phase shift are also shown in Fig. 4(b). Delay-compensation in
RF is difficult to implement without severe penalty in linearity,
noise, area, and tunability. TTD elements implemented using
inductive delay lines at RF in [13], [19] consume area, and
are susceptible to variation over process corners. Moreover,
an active all-pass filter based delay implementation requires
high power consumption and suffers from a mismatch in
RF [20]. In [12] a 16-element digital TTD beamforming
RX has been integrated. Beam squinting is solved in the
digital domain using digital TTD and fractional-rate sampling.
However, 16 ADCs increase the overall power consumption of
the RX significantly.

We propose to implement the TTD in analog BB using a
discrete-time technique [15] described in the next section to
mitigate beam squinting. This array is designed to augment
the conventional PS-based analog or hybrid beamformers
especially for larger arrays with higher modulated bandwidths
(where beam squinting is more severe). Since the beamforming
is done at BB, the RF-FE must have sufficient linearity to
downconvert the signal. We assume that further RF-FE impair-
ments, especially amplitude and phase mismatches between
the channels, can be taken into design considerations so
as to not limit the performance of the beamformer. These
mismatches can be reduced using digital techniques similar
to improving the image rejection ratio in a quadrature RX for
intra-band carrier aggregation [21], [22]. The idea of delay
compensation proposed herein can be used in MIMO receivers,
with multiple outputs (not just one in the beamformer case).
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Fig. 3. Simulated normalized 3dB bandwidth (NBW34p) of a PS-based

N-element antenna array plotted against N.

In that multi-output scenario, frequency-independent beam-
nulling [15] or multi-beam receiver can be implemented. Given
the large optimization space for hardware design in MIMO
applications with large arrays (such as massive MIMO),
a design methodology encompassing the trade-offs with large
antenna arrays or wide modulated BWs is next presented.

III. DESIGN CONSIDERATIONS FOR THE PROPOSED
TTD-BASED BEAMFORMERS

A. The Proposed Discrete-Time Delay-Compensating
Element for an N-Element Beamformer

Fig. 5 shows the proposed discrete-time delay compensa-
tion technique where the down-converted and phase- shifted
signals from N antennas are sampled at different time
instants using a switched-capacitor array (SCA) [15]. The
sampled values stored on the capacitors are then added using
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Simplified beamformer and its frequency response in: (a) phase-shifter (PS)-based system, and (b) true-time-delay (TTD)-based system.

a switched-capacitor based summer as shown in Fig. 6.
The transconductance amplifier (OTA) used in this summer
must satisfy the SNR and modulated BW requirements of the
down-converted signal. The switched-capacitor based imple-
mentation of a beamformer requires N phases for sampling
(p1..n) followed by addition (o) and reset (RST) phase, in an
N-element array. In the sampling phase, ¢y, an input signal
from each RX is first sampled on a sampling capacitor (Cs)
uniquely. The value of Cg is determined by the thermal noise
requirements. After the last sampling phase (¢y), the stored
charges on each capacitor are shared in the ¢ phase. This
charge sharing performs an averaging function. To change this
functionality to summation and form the beam, the shared
charges are transferred to the feedback capacitor (Cg) in a
switched-capacitor summer following the SCA. After forming
the beam, the summer is reset by the RST phase to prepare for
the next sample. For proper functionality, ¢ should be non-
overlapping with all the sampling phases (¢1..y) and the RST
phase. To compensate the time delay between the N inputs
(from N-elements) in this SCA, each signal must be sampled
at a distinct time instant. This technique ensures that the time
delay between two consecutive sampling phases (¢; and @iy1)
is the same as the time delay between the corresponding
inputs.

The non-overlapping condition on the sampling and RST
phases with ¢ presents unique implementation challenges in
this delay-compensating architecture. To overcome this chal-
lenge, both the sampling (¢, ) and addition phases (o) are
further time-interleaved to M phases. The period of each time-
interleaved phase is set to M times of the initial phase period.
Note that adding sampled input signals, which are sampled
by these interleaved phases, is equivalent to sampling them
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Fig. 4. Equivalent implementations of: (a) RF TTD, and (b) Phase shifter and time delay unit.
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Fig. 6. System diagram of the proposed analog delay-compensation element
with switched-capacitor array (SCA) and adder (in the inset). RF front-end
and the ADC are not implemented.

with the initial non-interleaved clock phase. Fig. 6 shows the
overall implementation of a discrete-time delay compensation
beamformer for an N-element antenna array.
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Fig. 7. The proposed clock generation unit with the timing diagram for the
SCA in Fig. 6.

The required phases in this architecture with an interleaving
factor of M is shown in Fig. 7. To generate these required
phases, a clock generation unit for the discrete-time delay-
compensating element is also shown in Fig. 7. Each antenna
requires a K-Bit phase interpolator (PI) to delay the corre-
sponding sampling phase. The K-bit PI is implemented using
2K inverter-based units adapted from [23] and described in
detail in [15]. The delayed clock after the PI is fed to an
M-phase interleaver to generate the M interleaved phases. The
M-phase interleaver reduces the input clock frequency by a
factor of M and is simply implemented through M units of
static AND gates and registers.

As discussed in Section II, larger arrays or wider modu-
lated BWs increase the sampling frequency for interleaving.
Consequently, the closed-loop bandwidth of the summer will
increase resulting in higher power consumption. The design
also needs to consider the total number of sampling capacitors
=N - M). A higher M increases the capacitive load on
the RF front-end RX. For larger arrays, the requirement on
resolution and jitter of the clock generation unit gets more
strict, resulting in higher clocking power, besides the increase
in the number of PIs and level of interleaving. A generalized
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design methodology using the proposed SCA for an N-element
analog beamforming RX is next described.

B. Generalized Design Methodology for an N-Element
Analog Beamformer With a Single-ADC

The maximum time delay in an N-element antenna array is
the delay between the received signals at the first and the last
(N™) antenna. This time delay is expressed as:

d 1
‘e fe
Atmax must be compensated through the time-interleaved
implementation. At the same time, the maximum delay

compensation (Tc_max) achieved in this architecture can be
written as (5):

Teomax = M —1) - Ts= (M — 1)/fs (5)

3
Atmax = (N - 1) - Atlp=+60 = \/7_ : (N - 1) €))

where Ts and fs are the reference clock period and sampling
frequency, respectively. To cover the entire 120° range, Tc—max
should be larger than Aty resulting in (6):

BN-1) d 1
M-1) A fe

Considering a low-IF RX architecture, the downconverted

signal covers the frequency range of DC to modulated BW.

Perfect sampled signal reconstruction within this BW must
satisfy the Nyquist condition as follows:

TCmax > Atmax — Ts >

(6)

1
fg > 2BW—>7Tg < —— 7
s > s = oo @)

Substituting (6) in (7) yields the following:

LN 1) d 1 _ 1
M~-1) JAc fc = 2BW

d \ V3
MEH(Ac/z)'T'(N_”

BW
(22 8
(fc) ®

For any N-element antenna array with antenna spacing d,
and fractional modulated bandwidths of BW/f,, the rela-
tionship between the required sampling frequency (fs) and
the interleaving factor (M) in an analog delay-compensation
architecture (Fig. 6) is found to be:

fg =2 BW )

d V3 BW
mete| () 3 o ()| o

where [...] is the ceiling function to find the smallest integer
M that satisfies (8).

The required interleaving factor for three different number
of antennas (N = 4, 16, 128) is plotted against fractional BW
in Fig. 8. For a smaller number of antennas or lower fractional
BW, the interleaving factor can be set equal to the minimum
value (M = 2). As the number of antenna or fractional BW
increases, the required interleaving factor also increases as
given by (10).
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Fig. 8.  Relation of interleaving factor (M) with fractional bandwidth
for a different number of antennas (N) in an analog discrete-time delay
compensation beamformer.

We next estimate the power consumption and occupied
area to realize a delay-compensation based analog beamformer
(Fig. 9(a)) with an ADC resolution of R-Bit. The DC gain (Ao)
and the unity-gain bandwidth (w,) requirements of the OTA
used in the SCA are found to be:

Ap > N - 2R+! (11)
oy >2*In(2)* N- R+ 1)fs (12)

It is observed in (11) and (12) that both the w, and Ay
are directly proportional to the number of antenna elements.
Neglecting parasitics, second order effects, and considering a
two-stage internally-compensated OTA, the transconductance
of this OTA can be designed to be linearly dependent to the DC
current. As a result, the DC gain of the OTA is independent of
the DC current and its power consumption (Pota ). At the same
time, wy is a linear function of the OTA transconductance,
and thus varies proportionally to Pora. Furthermore, as the
transistors’ width is designed to proportionally depend on
the DC current (to make OTA’s transconductance linearly
dependent to the DC current), the OTA area (Sota) can also
be approximated as a linear function of Pora. Given these
assumptions, the minimum requirement on the OTA w, from
(12) results in linear dependency of Pora and Sora to the
product of the number of antennas and sampling frequency,
as shown in (13):

Pora ~ Potao - N - fs

Sota ~ Sotao - N - fs (13)

where Potag and Sortao are power consumption and area of an
OTA designed for a single-element array with a unit sampling
frequency (1 Hz).

The area of the SCA, Ssca is dictated by the sampling
capacitors, Cg and can be approximated as a linear function
of N and Cg as shown below:

Ssca & Sco- N - Cs (14)

where Sco is the area of unit capacitance in the technology.
The total area of all the SCAs (Sy~ gc4) can be derived as:

Cs=Cp=C
Sssca A Sco - (N -M-Cs + Cp) ———

Szsca ~® Sco- (N-M+1)-C (15)

In our implementation, the PI is a dominant contributor to
the overall area and power consumption and hence, merits

Authorized licensed use limited to: Washington State University. Downloaded on April 28,2020 at 20:56:04 UTC from IEEE Xplore. Restrictions apply.



GHADERI et al.: INTEGRATED DISCRETE-TIME DELAY-COMPENSATING TECHNIQUE

<
>

IN; SCA,

<
&

OUT]

IN: N Y out— i'];‘)'(':t
ouT|”

HaORH e

LO

<l
<

b @
LO—jA9)
@)
N S.(.:A“H
] SCA;
v
A Q IN, SCA,
i ouT-
L
R-Bit
V7 ouTt: IN z ouT -
A @ IN; out} ADC,
L0 —{Ao]
YA )
- Q INyn,
LO
L]
L] Ll L]
L]
™ S.QAMII
] SCA;
IN, SCA
m o
R-Bit
\\ /4 OUT[ IN OUT] C
An_NiNy @ IN, outl Z ADCy
L0 —{Ao]
VY, °
An
- & INnN,
LO—Ag]

(b)

Fig. 9. Analog discrete-time delay compensation implementation for:
(a) Analog beamformer; (b) Hybrid beamformer.

careful attention in the system-level design considerations. The
clock power (PcLk) and area (ScrLk) can be approximated as:

PcLk ~ Pxpio - N - fs

ScLk ~ Sk-pi0 - N (16)

where Px.prp and Sk.prg are power consumption at the
unit frequency of 1 Hz and area of a K-Bit PI clocking,
respectively.

As seen in (11), (12), and (13), the requirement for OTA’s
Ao and wy, (both proportional to N) can demand stringent
design requirements for larger arrays which may not even
be feasible. Thus, analog beamforming, while efficient with
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a single-ADC, may not be suitable in larger arrays for
mm-wave massive MIMO. As an alternative, hybrid delay-
compensating beamforming (Fig. 9(b)) is a promising can-
didate in these cases to relax the requirements [6]. In a
hybrid implementation, the array is divided into Ny sub-arrays.
Analog beamforming is performed on each sub-array and sub-
arrays’ beams are fed to digital beamforming, where the TTD
is implemented in the digital domain. By substituting N /Ny
with N in (10), where Ny is the number of ADCs, the new
interleaving factor (Mpy) can be rewritten as (17):

=] () (/) ()] oo

In hybrid beamforming, as the number of ADCs is increased
to Ny, the OTA requirements, in (11) and (12), will equiv-
alently relax by an Np factor and will be the same in
requirements as in the case of number of antennas being N/Ny
(assuming N/Ny is an integer). This relaxes the overall power
consumption and area of the OTAs to be approximately the
same as that of an analog beamformer, expressed in (13).

The above analysis is further expanded to compute the area
requirements of the hybrid delay-compensating beamformer.
Corresponding to each ADC/OTA, there are My SCAs with
N/Ny inputs. Using (14), the capacitive area in hybrid delay-
compensating beamformer (Ss- gcax) can be written as (18).
For small values of Ny, the area occupied by the SCA
capacitors in the hybrid delay-compensating beamformer can
be approximated to be the same as analog delay-compensating
beamformer over Ny.

N
SZSCAH%NH-Sco-(N—-MH—H)-C

H
~ Sco-N -My-C
N-M-C

Mu~M/Ny
——

SyscaH ~ Sco - (18)

Nu
The hybrid delay-compensating beamforming architecture
reduces the number of the PIs to N/Ng and also relaxes Pcr g
and Scrk compared to that of an analog beamformer by a
factor of Ny. However, the number of ADCs correspond-
ingly increases by Ny leading to an increase in the overall
area/power of the ADCs by Ng.

Digital delay-compensating beamformer can be seen as
a hybrid delay-compensating beamformer with N ADCs
(Ng = N). In this case, there will be N OTAs (used in
the sample and hold circuit prior to the ADC) with the
total area (Sora) and power consumption (Pora) similar to
that in an analog delay-compensating beamformer. Because
there is no analog delay-compensation, no PIs are required in
digital beamforming, saving the area/power consumption from
the PIs. However, the equivalent increase in the ADCs by a
factor of N adds significant power/area penalty. Note that in
this paper we assume that the data conversion dynamic range
is limited to in-band interference power and consequently
the ADC resolution is constant, independent from beam-
former implementation. TABLE I compares the analog/hybrid/
digital beamforming implementations, in terms of esti-
mated power consumption and area (ignoring second order
effects) and provides guidelines to choose the most suitable
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TABLE I
DELAY-COMPENSATING ANALOG AND HYBRID BEAMFORMERS COMPARED TO DIGITAL BEAMFORMERS
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Fig. 10. Comparison of normalized power consumption against different combinations of bandwidth (BW), PI resolution (K), and ADC resolution (R) for
(a) N =16, and (b) N = 128, assuming power consumed in a 65 nm CMOS process for 8-bit PI as 44 mW/200 MHz, 5-bit OTA as 3 mW/4 Inputs/100 MHz,

and 5-bit ADC (described in [26]) as 1.2 mW/250 MHz.

beamformer implementation. In TABLE 1, the digital post-
processing power and area is not accounted, thereby favoring
the digital beamformer in the comparison, since the entire
TTD has to be implemented in the digital domain. Normalized
power consumption in analog/hybrid implementation and dig-
ital implementation, for 16 scenarios, are compared in Fig. 10.
The baseline power consumption for different circuits assumed
in Fig. 10 shows that for higher ADC resolution (R), the power
consumption of the digital beamforming is much higher than
corresponding analog/hybrid implementation. However, for
lower ADC resolutions, the dominating factor is the PI resolu-
tion (K). The ADC power is assumed to increase linearly with
sampling frequency and 4x for every additional bit increase
in the resolution [24]. If the exponent of scaling of ADC
power consumption with the sampling frequency is larger than
unity [24], it will further benefit the analog/hybrid architecture
in our comparative discussion.

IV. DESIGN AND MEASUREMENTS OF A 4-ELEMENT
DELAY-COMPENSATING BEAMFORMER

A 4-element analog delay-compensating beamforming
architecture with 100 MHz BW is fabricated in a 65 nm
CMOS as a proof of concept. A BW of 100 MHz is chosen
due to limitations in OTA gain-bandwidth, PI frequency,
and measurement setup. The implemented design achieves a
maximum 15 ns delay between the first and the last antenna.
The proposed time-interleaved clocking scheme compensates

this delay with a resolution of 5 ps and covers the entire
+60° angle-of-arrival through the proposed true-time-delay
compensation. Thus +60° AoA range corresponds to £15 ns
delay between the first and the last antenna.

The minimum sampling frequency for perfect signal con-
struction is set to 200 MHz in the SCA and the PIs. The PI
resolution is selected as 8-bit to demonstrate the scalability of
the PI for applications requiring higher precisions. The clock
generator in Fig. 7 obtains resolution of 5 ps and a range
of 15 ns in the sampling clock phases and feeds 16 clock
phases to the SCA shown in Fig. 6 (M = 4). The quadrature
phase generator in the clock generator provides quadrature
outputs at 200 MHz with complete cycle coverage (=360°)
and period of Ts = 5 ns. Each quadrature phase is capable
of 5 ps resolution (=1.25 ns/256) which is determined by the
8-bit phase interpolator (PI). The 5 ns range is realized using
a 2-bit 4:1 quadrant select multiplexer that acts on the four
differential quadrature outputs of the PI.

Because the period of the 200 MHz clock is insufficient to
cover the required time span of 15 ns between the first and the
last antenna, we generate four phases (¢11, ..., ¢14), for each
quadrant select MUX, at 50 MHz with a 12.5% ON-time from
a time interleaver leading to a total of 16 phases (@11, ..., P44)
as shown in Fig. 7. Though M = 2 is sufficient to cover
entire fractional BW less than 20% as illustrated in Fig. 8§,
a 4x interleaving factor is employed for showing the scala-
bility of the proposed delay-compensating architecture for BW
up to 100 %.

Authorized licensed use limited to: Washington State University. Downloaded on April 28,2020 at 20:56:04 UTC from IEEE Xplore. Restrictions apply.



GHADERI et al.: INTEGRATED DISCRETE-TIME DELAY-COMPENSATING TECHNIQUE

TABLE II
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PERFORMANCE SUMMARY AND COMPARISON TO PRIOR-ART TTD BASED BEAMFORMERS IMPLEMENTATIONS

JSSC2017 [20] | IMS2015 [19] | RFIC2018 [13] | JSSC2015 [27] | RFIC2018 [12] Proposed Work
Approach Gm-C* Delay line” LC delay® Gm-C Delta-Sigma DEI]:yl-)gs:;f[t)z-n:;Tiin
# Channel - - - 4 16 4
# Beam - - - 1 4 1
Tech. (nm) CMOS (130) CMOS (130) | BiCMOS (130) | CMOS (140) CMOS (40) CMOS (65)
VDD (V) 1.4 1.2 2.5 1.5 N/R® 1.0
Delay Range (ps) 1450 400 508 550 7500 15000
Delay Resolution (ps) 10 5 4 13 500 5
ENOB Log, (Range/Res) 7.2 6.3 7.0 5.4 4 11.6
Frequency Range (MHz) 1900 (RF) 19000 (RF) 18000 (RF) 1500 (RF) 100 (DIG-BB)® 100 (ANA-BB)*
Area (mm?) 0.6 4 5.45 1 0.29 0.57 (active)
Analog: 3mW/100MHz
Power 112-364mW® | 2.6-6mW* 285mW* 450mW" 453mW Clock: 44mW
Total: 47mW

* Delay-line implementation only, ” Including RF-FE, “Not reported, ¢ Not applicable,
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Fig. 11. Simulation results for: (a) beamforming gain for a single-tone signal
for two different AoAs, and (b) 80 MHz BW signal for two different AoAs.

As shown in Fig. 11, the simulated beamforming gain
(defined as the ratio of the output power when all the 4 inputs
are applied to the output power when only one input is applied)
is uniform for different AoA across the entire band.

DIG-BB: Digital baseband, ' ANA-BB: Analog baseband.
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Fig. 12. Die micrograph in 65nm CMOS with chip-on-board bond wires
(die micrograph is overlaid on the encapsulated chip).
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Fig. 13. Test setup for the fabricated 4-element prototype.

The fabricated prototype chip occupies a core area
of 0.57 mm? in 65 nm TSMC technology (Fig. 12). The
test setup including the prototype device is shown in Fig. 13.
The input signals to the chip are generated through two NI
PXIe-5450 arbitrary (145 MHz modulated BW) waveform
generators with four independent differential channels.

The applied delay to the SCA is programmed to be pro-
portional to antenna spacing of Amin/2 where Apmiy is the
wavelength corresponding to the highest frequency in the band
(100 MHz). Quadrature phases at 200 MHz are generated
on-chip from an off-chip 800 MHz signal generator. The
digital power consumption including the clock generation unit
with four PIs and interleaving units (M = 4, N = 4) is
44 mW at 1.0 V supply. This power can be easily scaled
down with supply, CMOS process or required resolution

Authorized licensed use limited to: Washington State University. Downloaded on April 28,2020 at 20:56:04 UTC from IEEE Xplore. Restrictions apply.



3304

3

IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS-I: REGULAR PAPERS, VOL. 66, NO. 9, SEPTEMBER 2019

.1 applied input 4 applied inputs

%]ZW\._/-'\P-—'\.__.\;

=

‘s

O 9r

2 E

E ¢ X

e -

< 5

E 3

< ~

é 3r -1
0

soyme ||,

T F ik [ UGS IR T m

1 1 1 1 1 1 1 1 1
10 20 30 40 50 60 70 80 90 100

<

Frequency (MHz) Bave; 13,061,201

(@

. 2 Frequenty (Mt 7

(b)

Fig. 14. Measurement results for: (a) beamforming gain for a single-tone signal, and (b) 80 MHz BW signal.
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(beam precision). The analog power consumption of the SCA,
current references, and source follower drivers is 3 mW
from 1.0 V supply.

Measured beamforming gain is plotted in Fig. 14(a) over
100 MHz bandwidth for & = 0° for a swept CW signal. This
plot shows that the beamforming gain is frequency indepen-
dent and uniform, achieving > 11.2 dB gain for the proposed 4-
element delay-compensating beamformer. The gain deviation
from ideal (= 12 dB) is less than 0.8 dB for the entire
100 MHz bandwidth. Fig. 14(b) shows the spectrum capture
for a 80 MHz BW signal at # = 0°. Again, a uniform
beamforming gain of ~12 dB is achieved. Fig. 15 shows
the normalized beam patterns for two different AoA
(@ = —30°, 30°) at two different single-tone frequencies.
It can be seen that the measurement results follow the ideal
beam pattern very closely for these two cases. In this measure-
ment, the beamforming gain is measured for a fixed value of
the TTD, by sweeping the AoA. The fabricated beamformer
achieves a 4.6% error vector modulation (EVM) for a 4 Mb/s
Quadrature Phase-Shift Keying (QPSK) signal in presence of
a 12 dB stronger continuous-wave (CW) in-band interference
signal. The constellation generated using a digital sampling
oscilloscope (DSO) is shown in Fig. 16. The limited memory
of DSO restricted our measurement to 4 Mb/s QPSK.

Measured normalized beam pattern for: (a) = —30°; (b) 0 = 30°.
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Fig. 16.  Measured constellation for a 4Mb/s QPSK signal, (a) without

blocker; and (b) in the presence of a 12 dB stronger CW in-band interference.

TABLE II compares the proposed delay-compensation ele-
ment in a 4-element beamformer with the state-of-the-art. The
discrete-time implementation achieves a wide range of 15 ns
with 5 ps resolution enabling its application for larger arrays.
Implementing the delay compensation in the BB improves the
resolution and the range of the compensated delay demonstrat-
ing more than 3-bit improvement in range to resolution ratio.
The proof-of-concept prototype developed in this work will
be further extended to larger arrays as future work following
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the design methodology in Section III. Future work will
investigate the design of PI with lower power consumption
and larger arrays with higher modulated bandwidths [25].

V. CONCLUSIONS

In this paper, a discrete-time delay-compensation technique
has been developed for large array beamformers. A gen-
eralized design methodology is introduced that finds the
optimal energy/area efficiencies for any given number of
antenna elements, modulated bandwidth, ADC dynamic range,
and PI resolution. The proposed delay-compensation tech-
nique is applicable to both an analog or hybrid beamformer.
Trade-offs between analog, digital and hybrid delay-
compensation beamformers are modeled using these para-
meters. Area- and energy-efficient discrete-time design
techniques using switched-capacitor-based circuits are devel-
oped, avoiding the use of any area-hungry passive components.
Compared to digital beamformers, the use of discrete-time
delay-compensation through analog or hybrid beamforming
helps in reducing the overall number of ADCs, while achieving
precise beam resolution. A 4-element CMOS beamformer is
demonstrated with frequency- uniform beamforming gain over
100 MHz modulated bandwidth. The proposed discrete-time
technique achieves one of the largest delay range of 15 ns
achieving a range/resolution ratio greater than 11.5 bit.

ACKNOWLEDGEMENTS

The authors are grateful to National Instruments for pro-
viding a customized Arbitrary Waveform Generator and
Prof. Vishal Saxena for his assistance with test equipment.
Access to CAD tools and technology is facilitated by MOSIS
and CMC Microsystems.

REFERENCES

[1] Federal Communications Commission. (Nov. 22, 2017). FCC Takes
Next Steps on Facilitating Spectrum Frontiers Spectrum. Accessed:
Jan. 13, 2018. [Online]. Available: https://www.fcc.gov/document/fcc-
takes-next-steps-facilitating-spectrum-frontiers-spectrum

[2] T. S. Rappaport et al, “Millimeter wave mobile communications
for 5G cellular: It will work!” IEEE Access, vol. 1, pp. 335-349,
2013.

[3] J. Brady and A. Sayeed, “Beamspace MU-MIMO for high-density
gigabit small cell access at millimeter-wave frequencies,” in Proc. [EEE
15th Int. Workshop Signal Process. Adv. Wireless Commun. (SPAWC),
Jun. 2014, pp. 80-84.

[4] M. Jaber, M. A. Imran, R. Tafazolli, and A. Tukmanov, “5G backhaul
challenges and emerging research directions: A survey,” IEEE Access,
vol. 4, pp. 1743-1766, 2016.

[5] P. Lacomme, J. P. Hardange, J. C. Marchais, and E. Normant, Air and
Spaceborne Radar Systems: An Introduction. Philadelphia, PA, USA:
William Andrew, 2001.

[6] S. Mondal, R. Singh, A. 1. Hussein, and J. Paramesh, “A 25-30 GHz
fully-connected hybrid beamforming receiver for MIMO communica-
tion,” IEEE J. Solid-State Circuits, vol. 53, no. 5, pp. 1275-1287,
May 2018.

[71 A. Ghaffari, E. A. M. Klumperink, F. van Vliet, and B. Nauta,
“A 4-clement phased-array system with simultaneous spatial-and
frequency-domain filtering at the antenna inputs,” IEEE J. Solid-State
Circuits, vol. 49, no. 6, pp. 1303-1316, Jun. 2014.

[8] M. Sayginer and G. M. Rebeiz, “An eight-element 2—-16-GHZ program-
mable phased array receiver with one, two, or four simultaneous beams
in SiGe BiCMOS,” IEEE Trans. Microw. Theory Techn., vol. 64, no. 12,
pp. 4585-4597, Dec. 2016.

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

3305

B. Yang, Z. Yu, J. Lan, R. Zhang, J. Zhou, and W. Hong, “Digital
beamforming-based massive MIMO transceiver for 5G millimeter-wave
communications,” /[EEE Trans. Microw. Theory Techn., vol. 66, no. 7,
pp. 3403-3418, Jul. 2018.

D. Gesbert, M. Kountouris, R. W. Heath, Jr., C.-B. Chae, and T. Silzer,
“Shifting the MIMO paradigm,” IEEE Signal Process. Mag., vol. 24,
no. 5, pp. 3646, Sep. 2007.

H. Hashemi, T.-S. Chu, and J. Roderick, “Integrated true-time-delay-
based ultra-wideband array processing,” IEEE Commun. Mag., vol. 46,
no. 9, pp. 162-172, Sep. 2008.

S. Jang, R. Lu, J. Jeong, and M. P. Flynn, “A true time delay 16-element
4-beam digital beamformer,” in Proc. IEEE Radio Freq. Integr. Circuits
Symp. (RFIC), Jun. 2018, pp. 12-15.

M.-K. Cho, I. Song, and J. D. Cressler, “A true time delay-based
SiGe Bi-directional T/R chipset for large-scale wideband timed array
antennas,” in Proc. IEEE Radio Freq. Integr. Circuits Symp. (RFIC),
Jun. 2018, pp. 272-275.

R. Rotman, M. Tur, and L. Yaron, “True time delay in phased arrays,”
Proc. IEEE, vol. 104, no. 3, pp. 504-518, Mar. 2016.

E. Ghaderi, A. Sivadhasan Ramani, A. A. Rahimi, S. Shekhar,
and S. Gupta, “A 4-channel MIMO baseband receiver with >35 dB
80 MHz wideband spatial interference cancellation through sampled
time-delay,” IEEE Trans. Circuits Syst. I, Reg. Papers, to be published.
S. J. Orfanidis. Electromagnetic Waves and Antennas. Accessed:
Nov. 1, 2018. [Online]. Available: http://eceweb].rutgers.edu/~orfanidi/
ewa/

R. J. Mailloux, Phased Array Antenna Handbook. Norwood, MA,
USA: Artech House, 2005.

S. K. Garakoui, E. A. M. Klumperink, B. Nauta, and F. E. van Vliet,
“Phased-array antenna beam squinting related to frequency dependency
of delay circuits,” in Proc. 8th Eur. Radar Conf., Oct. 2011, pp. 416-419.
F. Hu and K. Mouthaan, “A 1-20 GHz 400 ps true-time delay with small
delay error in 0.13 gm CMOS for broadband phased array antennas,”
in Proc. IEEE MTT-S Int. Microw. Symp., May 2015, pp. 1-3.

I. Mondal and N. Krishnapura, “A 2-GHz bandwidth, 0.25-1.7 ns true-
time-delay element using a variable-order all-pass filter architecture
in 0.13 um CMOS,” IEEE J. Solid-State Circuits, vol. 52, no. 8§,
pp- 2180-2193, Aug. 2017.

S. Kundu, S. Gupta, D. J. Allstot, and J. Paramesh, “Frequency-
channelized mismatch-shaped quadrature data converters for carrier
aggregation in MU-MIMO LTE-A,” IEEE Trans. Circuits Syst. I, Reg.
Papers, vol. 64, no. 1, pp. 3—13, Jan. 2017.

S. C. Hwu and B. Razavi, “An RF receiver for intra-band carrier
aggregation,” IEEE J. Solid-State Circuits, vol. 50, no. 4, pp. 946-961,
Apr. 2015.

M. E. Mansuri et al., “A scalable 0.128—1 Tb/s, 0.8-2.6 pJ/bit, 64-lane
parallel I/O in 32-nm CMOS,” [EEE J. Solid-State Circuits, vol. 48,
no. 12, pp. 3229-3242, Dec. 2013.

S. Krone and G. Fettweis, “Energy-efficient A/D conversion in wideband
communications receivers,” in Proc. IEEE Veh. Technol. Conf. (VIC
Fall), Sep. 2011, pp. 1-5.

A. E. Sayed et al., “A Hilbert transform equalizer enabling 80 MHz
RF self-interference cancellation for full-duplex receivers,” IEEE Trans.
Circuits Syst. I, Reg. Papers, vol. 66, no. 3, pp. 1153-1165, Mar. 2019.
B. P. Ginsburg and A. P. Chandrakasan, “Highly Interleaved 5b 250 MS/s
ADC with redundant channels in 65 nm CMOS,” in IEEE Int. Solid-State
Circuits Conf. (ISSCC) Dig. Tech. Papers, Feb. 2008, pp. 240-260.

S. K. Garakoui, E. A. M. Klumperink, B. Nauta, and F. E. van Vliet,
“Compact cascadable gm-C all-pass true time delay cell with reduced
delay variation over frequency,” IEEE J. Solid-State Circuits, vol. 50,
no. 3, pp. 693-703, Mar. 2015.

Erfan Ghaderi (S’17) received the B.Sc. degree in
electrical engineering from the Sharif University of
Technology, Tehran, Iran, in 2012, and the M.Sc.
degree in circuits and systems from the University of
Tehran, Tehran, in 2015. He is currently pursuing the
Ph.D. degree in microelectronics with Washington
State University, Pullman, WA, USA. His current
research interests include integrated circuit design
for phased array applications, time-domain signal
processing, and high-speed data converters.

Authorized licensed use limited to: Washington State University. Downloaded on April 28,2020 at 20:56:04 UTC from IEEE Xplore. Restrictions apply.



3306

Ajith Sivadhasan Ramani (S’11) received the
B.Tech. degree in electronics and communication
engineering from the National Institute of Technol-
ogy Karnataka, India, in 2014, and the M.A.Sc.
degree in electrical and computer engineering from
The University of British Columbia, Vancouver, BC,
Canada, in 2017.

He was with the Samsung Research Institute,
Bengaluru, India, from 2014 to 2015. In 2018, he
was with Maxlinear, Vancouver. He is currently
with the Signal Integrity Product Group, Semtech,
Burlington, ON, Canada, where he is involved in high-performance mixed-
signal integrated circuits for high-speed 1/O applications.

Arya A. Rahimi received the B.S. and M.S.
degrees from Washington State University, Pullman,
in 2013 and 2019, respectively, where he is cur-
rently pursuing the Ph.D. degree with the School
of Electrical Engineering and Computer Science.
His research is focused on wireless body sensor
networks (WBSNs), bio-signal acquisition, ultralow-
power analog signal processing, and adaptive sam-
pling architectures using classification algorithms.

Deukhyoun Heo (S’97-M’00-SM’13) received the
Ph.D. degree in electrical and computer engineering
from the Georgia Institute of Technology, Atlanta,
GA, USA, in 2000. In 2000, he joined National
Semiconductor Corporation, where he was a Senior
Design Engineer involved in the development of
silicon RFICs for cellular applications.

Since 2003, he has been a Professor with the
School of Electrical Engineering and Computer Sci-
ence, Washington State University, WA. He has been
appointed as the Frank Brands Analog Distinguished
Professor since 2017. He has around 120 publications, including 66 peer-
reviewed journal papers and 75 international conference papers. He has
primarily been interested in wireless and wireline data communications,
battery-less wireless sensors, intelligent power management systems for
sustainable energy sources and highly integrated manycore chips, adaptive
beamformer for phased-array communications, and low-power high-data-rate
wireless links for biomedical applications. He has been a member of the
Technical Program Committee of the International Microwave Symposium
(IMS), the International Symposium of Circuit and Systems (ISCAS), and
Design, Automation and Test in Europe (DATE). He was a recipient of
the 2000 Best Student Paper Award presented at the IEEE International
Microwave Symposium (IMS) and the National Science Foundation (NSF)
CAREER Award in 2009. He has served as an Associate Editor for the
IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS II: EXPRESS BRIEFS,
the IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES,
the IEEE MICROWAVE AND WIRELESS COMPONENTS LETTERS, and the
IEEE TRANSACTIONS ON VERY LARGE SCALE INTEGRATION.

IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS-I: REGULAR PAPERS, VOL. 66, NO. 9, SEPTEMBER 2019

Sudip Shekhar (S’00-M’10-SM’14) received the
B.Tech. degree from IIT Kharagpur in 2003 and the
Ph.D. degree from the University of Washington,
Seattle, in 2008.

From 2008 to 2013, he was with the Circuits
Research Laboratory, Intel Corporation, Hillsboro,
OR, USA, where he was involved in high-speed 1/0O
architectures. He is currently an Associate Professor
of electrical and computer engineering with The
University of British Columbia. His current research
interests include circuits for high-speed electrical
and optical I/O interfaces, frequency synthesizers, and wireless transceivers.

Dr. Shekhar was a recipient of the IEEE Solid-State Circuits Society (SSCS)
Predoctoral Fellowship from 2007 to 2008, the Intel Foundation Ph.D. Fellow-
ship from 2006 to 2008, the Analog Devices Outstanding Student Designer
Award in 2007, the Young Alumni Achiever Award by IIT Kharagpur in 2019,
and the IEEE TRANSACTIONS ON CIRCUIT AND SYSTEMS Darlington Best
Paper Award in 2010 and a co-recipient of the IEEE Radio-Frequency IC
Symposium Best Student Paper Award in 2015. He serves on the Technical
Program Committee of the IEEE International Solid-State Circuits Conference
(ISSCC), the Custom Integrated Circuits Conference (CICC), and the Optical
Interconnects (OI) Conference.

Subhanshu Gupta (S’03-M’11-SM’16) received
the B.E. degree from the National Institute of Tech-
nology (NIT), Trichy, India, in 2002, and the M.S.
and Ph.D. degrees from the University of Washing-
ton in 2006 and 2010, respectively.

From 2011 to 2014, he was with the RFIC Group,
Maxlinear Inc., where he was involved in silicon
transceivers and data converters. He is currently
an Assistant Professor of electrical engineering and
computer science with Washington State University.
His research interests include ultra-low-power bio-
medical circuits and systems, wireless transceivers, and stochastic hardware
optimization. He was a recipient of the Analog Devices Outstanding Student
Designer Award in 2008 and a recipient of the IEEE RFIC Symposium Best
Student Paper Award in 2011.

Authorized licensed use limited to: Washington State University. Downloaded on April 28,2020 at 20:56:04 UTC from IEEE Xplore. Restrictions apply.



	Untitled

