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Abstract—This article presents a two-layer low-complexity
fully connected (FC) RF/analog weighting multi-input-multi-
output (MIMO) transceiver comprising an RF weight layer
and an analog-baseband weight layer. The transceiver can
serve as a small-scale MIMO system by itself and can serve
as the building block in a larger hybrid MIMO system. The
architecture mitigates the complexity versus spectral-efficiency
tradeoffs of existing MIMO architectures and enables MIMO
stream/user scalability, superior energy efficiency, and spatial-
processing flexibility. A compact, reconfigurable bidirectional
circuit architecture is introduced, including a new Cartesian-
combining/splitting beamforming receiver/transmitter, dual-band
bidirectional beamforming network, dual-band frequency trans-
lation chains, and baseband Cartesian beamforming with an
improved programmable gain amplifier design. A 28-/37-GHz
band, two-layer, eight-element, four-stream hybrid MIMO trans-
ceiver prototype is designed in 65-nm CMOS to demonstrate
the above features. The prototype achieves accurate beam/null-
steering capability, excellent area/power efficiency, and state-of-
the-art TX/RX mode performance in two simultaneous bands
while demonstrating multi-antenna (up to eight) multi-stream
(up to four) over-the-air spatial multiplexing operation using the
proposed energy-efficient two-layer hybrid beamforming scheme.

Index Terms— Carrier aggregation, digital beamforming, fifth
generation (5G), full-duplex, fully connected (FC), hybrid beam-
forming (HBF), millimeter-wave transceiver, multi-input-multi-
output (MIMO), phased array.

I. INTRODUCTION

ULTI-INPUT-MULTI-OUTPUT (MIMO) communi-

cation based on millimeter-wave beamforming is
expected to play a central role in beyond-fifth-generation
(5G) wireless systems. In the quest for higher data rates and
channel capacity, systems are being developed based on a
wide variety of architectures [1]-[10]. Digital beamforming-
based (DBF) MIMO architectures having per-element fre-
quency translation and analog—digital interfaces are attractive
from the standpoint of flexibility and performance but can be
expensive in terms of cost and energy efficiency [11]-[13].
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Hybrid beamforming (HBF)-based MIMO architectures offer
a pathway to implementing MIMO with lower cost and with
performance approaching that of DBFs. Two kinds of HBF
architectures are being pursued in the algorithmic [14]-[23]
and circuit communities [10], [24], [25], namely, the partially
connected (PC) and fully connected (FC) type. FC HBFs
have been shown to have superior performance over PC
HBFs [16], [22]-[26], but scaling FC-HBFs to higher stream
count has posed serious challenges in terms of complexity and
power consumption.

This article introduces a transceiver that can function as
a small-scale MIMO system by itself [27]. The transceiver
can be also tiled for use in a larger MIMO system. Within
the transceiver, a low-complexity FC topology is effectively
formed between P antennas and Q baseband inputs/outputs
using a combination of an RF weighting layer and an analog
baseband weighting layer. The transceiver includes Q upcon-
version and Q downconversion chains, henceforth referred to
as RF chains. The RF weighting layer adopts an FC topology,
which: 1) enables better spectral efficiency compared to a PC
topology due to a higher number of degrees of freedom [16],
[22], [26]; 2) offers support for carrier aggregation using
the full antenna aperture [24]; and 3) facilitates full-duplex
beamforming with per-element self-interference cancellation
(SIC) [25], [27].

This article also describes circuit architecture and circuit
designs that can lead to a compact, low-cost implementation.
A “Cartesian-splitting” transmit beamforming architecture is
introduced, which is merged with the Cartesian-combining
receive beamforming architecture [10], [24], [28]. The trans-
ceiver, which is designed for dual-band operation, features
a bidirectional beamforming network with extensive passive
structure reuse, up/downconversion chains, LO generation and
distribution, Cartesian weights for baseband beamforming,
and a phase-invariant programmable gain amplifier design.
A 28-/37-GHz eight-element, four-stream transceiver proto-
type is designed and characterized to demonstrate the proposed
systemic, architectural, and circuit concepts. The chip also
incorporates on-chip digital engines for autonomous array
pattern adaptation and for SIC in full-duplex mode. Note that,
in the full-duplex mode, individual antennas are only used
for transmit or receive (with SIC) at any instant in time, but
the array is both transmitting and receiving. These topics and
associated on-air measurements were reported briefly in [27]
but are not within the scope of this article.
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Fig. 1. MIMO system architectures: (a) single-layer MIMO using phased (PC) sub-array beamforming, (b) single-layer MIMO using FC RF beamforming,

(c) single-layer MIMO using per-element digital beamforming, and (d) two-layer MIMO architecture (HBF).

II. MULTI-LAYER MIMO ARCHITECTURES
A. Single-Layer MIMO Architectures

Fig. 1(a)—(c) illustrates three single-layer MIMO receiver
architectures. Dual approaches can be devised for MIMO
transmitters. The architecture of Fig. 1(a) uses conventional
phased array tiles organized into sub-arrays. Each tile applies
RF beamforming weights to a group of P antennas and
combines the outputs into one stream. In order to scale up
the total number of antennas (N4), outputs from several tiles
can be combined at RF and then downconverted, digitized, and
demodulated. A P-element sub-array in Fig. 1(a) is associated
with a single data stream. In order to scale up the number
of user streams (Ng), several sub-arrays can be replicated,
one per stream. This approach is simple and modular and
is based on mature phased array technology. Moreover, in a
receiver, each sub-array spatially filters all-but-one streams
and other interferers before downconversion, which can ease
the dynamic range requirements of the RF chains and data
converters. However, for the fixed aperture area, only a subset
of antenna elements in the aperture is available to each stream.
Moreover, the cross-stream isolation entirely depends on the
spatial filtering of the RF beamformer. This results in reduced
beamforming gain per stream with increasing Ny and reduced
spatial filtering of blockers prior to each RF chain.

A second MIMO architecture is based on an FC beam-
former [see Fig. 1(b)]. Here, each RF chain accesses every
element in the antenna array aperture via an independently
programmable complex-weight, achieving better per-stream
beamforming gain and spatial filtering. This is an important
advantage over the sub-array architecture. Mondal et al. [10]
and Mondal and Paramesh [24] demonstrated FC tiles with
eight and four elements, respectively, and two RF chains.
While it is feasible to increase the number of antennas, scaling
up the number of RF chains (and, thus, Ny) is significantly
more challenging due to RF/analog circuit and routing com-
plexity. Therefore, a “flat” FC architecture is impractical for
large Ns.

A third single-layer MIMO architecture [see Fig. 1(c)] is
based on DBF using per-element RF chains and 1/Q A/D
conversion. DBF offers complete flexibility, scalability, and
the best spectral efficiency since advanced beamforming

techniques, such as true time-delay, per-subcarrier,
or frequency-domain weighting, can be easily implemented.
Moreover, since the RF, analog—baseband, and analog—digital
interfaces in DBFs are modular, DBFs can, in principle,
be easily scaled to large N,, given the availability of a
sufficiently capable DSP. However, DBFs can be expensive
in terms of power and die area in large antenna arrays in
the RF, analog, and digital portions, as well as the local
data link (SerDes) layer [11], [13]. Moreover, in DBF
receivers, since no spatial filtering occurs before digitization,
the dynamic range and the effective number of bits in
the ADCs are increased when the desired streams are
accompanied by unwanted co-channel interferers.

B. Two-Layer MIMO Architectures

Another possible approach to scaling N4y and Ny is to
augment a first RF/analog beamforming layer with a second
beamforming layer at baseband (typically digital, but can
also be analog), as shown in Fig. 1(d). This results in the
so-called HBF MIMO architecture (one layer at RF and one
layer at baseband) [14], [15], [23], [26]. The first layer can
have a PC topology [e.g., Fig. 1(a), gray dashed box] or an
FC topology [similar to the gray dashed box in Fig. 1(b)].
In HBFs, the number of RF chains and A/D interfaces scales
with Ng, rather than N, as in the case for DBFs.

Mathematically, both PC and FC HBFs essentially seek
to factorize the equivalent DBF beamforming matrix into a
product of RF and baseband beamforming matrices. Numerous
systems articles [14]-[23] report mathematical techniques to
perform such factorization under various constraints. Most of
these papers adopt a “flat” N4y x Ng FC RF layer, which we
noted becomes impractical for sufficiently large N4 and Nj.
On the other hand, a two-layer HBF MIMO using a PC first
layer has fewer degrees of freedom than the FC-based HBF,
which can lead to a significant performance penalty compared
to DBF [16], [22], [26].

C. System Simulation Example

In Section II-D, we describe an architecture to mitigate the
aforementioned shortcomings. Presently, to gain an intuitive
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Fig. 2. System simulation illustrating two-layer beamforming. Design
example for Ny = 8, Ng = 4, and 4 x 2 FC tile: (a) first layer only and
(b) two-layer overall beam pattern. Design example for Ny = 256, Ng = 8,
and 8 x 2 FC tile: (c) first layer only and (d) two-layer overall beam pattern.
Design example for Ny = 256, Ng = 8, and 16 x 4 FC tile: (e) first layer
only and (f) two-layer overall beam pattern.

understanding of HBF operation and motivate the architecture,
we consider two system simulations: a small-scale hybrid
MIMO system (called S1) with Ny = 8 and Ng = 4, and a
large-scale hybrid MIMO system (called S2) with Ny = 256
and Ny = 8. For S2, two cases are considered: the first having
32 “8 x 2” tiles (a tile with P antennas and Q downconversion
chains is referred to as “P x Q” tile) and the second having
16 “16x4” tiles, in the RF beamforming first layer. In all cases,
the first layer is followed by a second layer implemented in
digital.

In S1, the input streams S;—S4 [see Fig. 2(b)] are assumed
to arrive at well-separated angles. In S2, the input streams
S1—Sg [see Fig. 2(d) and (f)] are grouped into four pairs
that arrive at well-separated angles, but the two streams
within each pair have small angular separation so that they
cannot be resolved by the first beamforming layer. All streams
are assumed to have equal power at the antennas, and no
interferers are present. Fig. 2(a), (c), and (e) shows the beam
patterns formed by a single tile in the first layer, with a distinct
color being used to represent the beam pattern at a particular
output of the tile. Fig. 2(b), (d), and (f), which shows the
array patterns after beamforming by both layers, reveals that,
in all cases, narrow beams (whose beamwidths depend on N4
in each system) are formed that simultaneously provide per-
stream beamforming gain and cross-stream isolation. For S1,
in Fig. 2(a), one output from a 4 x 2 tile captures S; and Si
by forming a beam having two “main” lobes (shown in red);
the other output captures S, and S3 by forming a beam having
a single main lobe (shown in blue). For S2, with 8 x 2 first-
layer tiles, each output captures four streams by forming a
beam having two “main” lobes [see Fig. 2(c)]. For S2, with
16 x 4 tiles, each output captures two streams [see Fig. 2(e)]
by forming a beam with a single main lobe.

Thus, in all cases, the first layer provides a part of the overall
beamforming gain and partial cross-stream isolation due to
spatial filtering (i.e., each beam isolates and partially rejects
two streams in S1, four streams S2/8 x 2, and six streams
in S2/16 x 4). The remaining cross-stream isolation and the
beamforming gain are provided by the second beamforming
layer. It should be noted that co-channel (and other close-in)
interferers will be suppressed by spatial filtering in the first
layer, which will reduce dynamic range requirements on
downstream circuits.

HBF in transmit arrays can be understood similarly. Each
tile sends out signals simultaneously in many different direc-
tions for many streams. The input to each tile (upconverted
from baseband) is already pre-processed in such a way that
each stream after the cumulative effect of all tiles construc-
tively adds in only one of many transmit directions.

In previous work [10], [24], we demonstrated 4 x 2 and 8 x 2
FC tiles having only RF-domain weights. Prior experience
from [10] and [24] and circuit-level simulations indicates that
it is feasible to increase the number of antennas supported
by a tile (perhaps to 16 or 32), but increasing the number of
RF chains in an FC tile using only RF weights is difficult. For
example, implementing the 16 x 4 tile described above may be
impractical using RF weights only. Therefore, we propose a
low-complexity FC tile architecture that uses a combination
of RF weights to perform the first layer of beamforming
and analog baseband weights to perform the second layer
of beamforming. Note that, in this way, additional spatial
filtering of the signal at the ADC input will further reduce the
requirements on the data converters relative to the case where
the second layer combining is done in the digital domain.

D. Proposed Low-Complexity FC Tile Architecture

The proposed tile is shown in Fig. 3 (dashed blue box) in
receive-path configuration in the context of a larger hybrid
MIMO system. A tile comprises L groups of P/L x Q/L
independent RF-domain complex-weights. Each P/L x Q/L
RF weight group is topologically FC, which means that
independent weights can be applied between the P /L antennas
and the RF ports of Q/L RF chains. It should be noted that
each tile can be trivially configured in PC topology simply by
turning off several RF weights. At the baseband ports of the
O RF chains, (Q x Q) analog complex-weights are applied.
The analog weights have an FC topology. Together, the RF
and analog weights form a low-complexity FC first layer
between P antennas and Q baseband nodes in the sense that
any input can be connected to any output. However, the total
number of degrees of freedom in this HBF structure is lower
than in an RF-only FC structure. Thus, the proposed low-
complexity FC topology offers a range of tradeoffs between
implementation complexity and accessible degrees of freedom.
By itself, the transceiver tile can operate as a small-scale
hybrid MIMO system; indeed, all measurement results shown
later in this article were conducted at this level. Also, a larger
MIMO system can be constructed using K = N4 /P such tiles,
which can be interfaced with data converters, SerDes, and the
digital back end, as shown in Fig. 3.
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Fig. 3. Proposed two-layer transceiver tile (dashed blue box) embedded in
a hybrid MIMO system.

Key benefits of the proposed low-complexity FC tile are
summarized next. First, as noted previously, it offers a higher
number of degrees of freedom in an HBF compared to a
PC-based tile [16], [22], [26]. Second, independent beams can
be formed at different carrier frequencies (within the passband
regions of the frequency response of the signal path) since
the paths from each antenna from/to each RF chain’s 1/O
have independently programmable complex-weights. Thus,
the architecture supports a form of multi-antenna carrier aggre-
gation, where each carrier can achieve the entire beamforming
gain available from the aperture [24], regardless of whether
the tile has two layers or a single layer. Note that such
carrier aggregation where each carrier is aggregated from
all antennas cannot be performed in an HBF based on PC
tiles. Third, the low-complexity FC tile inherently supports
a per-element SIC mechanism to cancel TX leakage in a
simultaneous transmit-receive system. Design details of this
SIC mechanism, as well as initial characterization results of
full-duplex communication for single and multiple antenna
cases, were provided in [25] and [27]. Further details in this
mode will be the scope of a future publication. It should be
noted that the PC tile- and FC tile-based architectures have an
equal number of LNA/PA stages, frequency translation chains,
corresponding LO circuitry, and A/Ds for identical P and
Q. However, a two-stream FC tile has twice the complexity
in the RF beamforming layer. Sections III and IV describe
architectural and circuit techniques that make the beamforming
layer design power and area efficient, thereby minimizing the
overhead.

IEEE JOURNAL OF SOLID-STATE CIRCUITS

III. TRANSCEIVER ARCHITECTURE

The RF weighting layer is implemented using the Cartesian-
combining/splitting technique in the receive/transmit paths,
respectively. The analog—baseband weighting layer is imple-
mented using transconductor-based PGAs in conjunction with
current-combining.

A. Cartesian-Splitting MIMO/Beamforming Transmit Path

Although the Cartesian-combining principle has been used
extensively in receivers, the dual of this approach for
transmitters seems to have not been reported. Therefore,
the “Cartesian-splitting” architecture for beamforming trans-
mitters is developed in this section. We begin by referring to
Fig. 4(a), which shows a quadrature upconverter followed by
a vector modulator complex-weighting circuit and a power
amplifier driving an antenna element. Our immediate goal
is to eliminate the quadrature splitter (typically implemented
as a quadrature hybrid or polyphase filter) from the signal
path. This can be done by two transformations: first, by com-
mutating the RF splitting and the quadrature upconversion
operations [see Fig. 4(b)]; and second, by absorbing the 90°
phase shifter in the RF signal path into the LO ports of the
mixers and appropriately modifying the connections of the
LO phases [see Fig. 4(c)]. The Cartesian-splitting complex-
weighting principle can also be understood mathematically.
The complex baseband signal, Xpp(t) = xpp;(t) + jxppo(t),
is upconverted by a complex quadrature mixer, produc-
ing a complex-valued signal with real and imaginary parts
u,(t) and u; (1)

u(t) = xpp(t)e?™ ol = y (1) + ju;(t)
where

ur(t) = xpp1(t)C — xppo(t)S, u;(t) = xpp;(t)S + xppo(t)C
C = cosrfrot), S=sinQxfLol). (1)

In a phased array or PC MIMO transmitter, each antenna
must be driven by an independent complex-weighted signal.
Thus, the signal driving the kth antenna (or the kth PA)
can be generated by independently gain-scaling the real and
imaginary parts and summing them together, as shown in (2a)

X (1) @ A, (1) — Ajui (1) = Re[(A, + jADu ()]
@Re[(Ar + in)xBB(t)eﬂnngz]
= Ar{XBBI(t)C—xBBQ(Z)S}—Ai{XBB[([)S—{—XBBQ([)C}.
(2

Equivalently, (2b) shows that the envelope of the bandpass
signal x;(7) is equal to the complex baseband envelope scaled
by a complex-valued weight (A, + jA;). In practice, gain
scaling of the real and imaginary parts can be implemented
by a pair of programmable gain transconductors, while the
summing can be implemented by combining their output
currents.

It is straightforward to extend the aforementioned principle
to an FC hybrid MIMO transmitter. As shown in Fig. 4(d)
for a single antenna in a two-stream FC-MIMO transmitter,
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Fig. 4.

' LOi= cos(2mhiof) |
' LOq=-sin(2mfiof)

(a) Vector-modulator-based Cartesian phase-shifting single-element transmitter. (b) Modified vector modulator architecture—RF splitting inside the

quadrature splitter is translated to baseband. (c) Cartesian-splitting-based beamforming transmitter architecture—90° phase shifter is absorbed in the LO
path from RF. (d) Cartesian-splitting-based phase shifting for one element and two baseband streams—one stream shown in blue and the other in red.
(e) Cartesian-combining-based receiver beamforming architecture shown for single-stream reception.

a separate upconversion chain is required for each stream.
In order to apply a complex-weight for the sth stream to the
kth antenna, the real and imaginary outputs of the sth chain
are scaled with a pair of PGAs A,.x ; and A;.x ;. The weighted
streams are then summed together before the kth antenna. In
our transmitter, summing is done at the input of the kth PA;
this signal can be written as

S
xk(t) = Re Z {Ar;k,s + jAi;k,s})ZBB,s(t)ejznfLOt . (3)

s=1

B. Cartesian-Combining MIMO/Beamforming Receive Path

The Cartesian-combining architecture was originally pro-
posed in [28] for single-stream RF beamforming with homo-
dyne down-conversion [see Fig. 4(e)]. It was extended to
hybrid MIMO reception in [10], which also introduced a
heterodyne embodiment having image filtering, but no image
cancellation. In [24], a generalized heterodyne embodiment
with reconfigurable image cancellation was introduced to
support sole or concurrent dual-band reception. By using a
single LO generation circuit in each downconversion chain,
Mondal and Paramesh [24] supported MIMO reception at
either 28 GHz or 37 GHz, or concurrently in both bands.
In this work, the receive signal path is designed to support
both the 28- and 37-GHz bands, either solely or concurrently.
In contrast to [24], a direct conversion approach is adopted
here; this necessitates a dedicated LO distribution circuit for
each downconversion chain but obviates the need for image-
reject calibration [24]. Note that the direct conversion approach
additionally requires LO leakage reduction, especially for the
transmit path.

C. Advantages of Cartesian Combining/Splitting Technique

In this work, the Cartesian-combining receive path and the
Cartesian-splitting transmit path are combined to implement a
bidirectional MIMO transceiver, which is shown schematically
in Fig. 5 (detailed schematics of various sub-circuits are shown
later in this article, as indicated at the bottom of Fig. 5).
This circuit architecture has several advantages. First, it avoids
the use of RF-domain phase shifters or quadrature hybrids
that are typically lossy, bulky, and narrowband and typically

have single-ended signal paths with low-Q matching inter-
faces. Second, using the circuit design techniques described
in [10], high resolution, calibration-free, digitally program-
mable Cartesian complex-weighting with low gain and phase
error can be implemented. Third, and most importantly, the
weighting principle is inherently wideband and is applicable at
any frequency where the front-end PGAs can achieve sufficient
gain. Therefore, this architecture is well suited for wideband
applications and also for dual-band applications over widely
separated frequencies. Note that, in a Cartesian beamforming
transceiver, since the baseband circuitry and the frequency
conversion chain are shared between all antenna elements,
the additional circuitry required in the front end compared to
a single antenna transceiver is a single pair of PGAs. It should
be noted that overhead of the Cartesian architecture is its need
for a pair of combining/splitting paths for each receive/transmit
stream. However, since this architecture avoids some of the
mm-wave passive blocks in the front end that are typically
large, the front end can be ultra-compact, which, in turn, helps
shorten mm-wave routing. Furthermore, by shortening mm-
wave routing, active current mode combiners can be used with
low loss resulting in two advantages. First, active combiners
can be designed to operate in widely separated frequency
bands; second, they can enable reconfigurability between TX,
RX, and full-duplex mode (see Section IV-B for more details).

IV. TRANSCEIVER CIRCUIT DESIGN

A 28-/37-GHz two-layer HBF MIMO transceiver tile with
eight elements and four chains has been designed to demon-
strate the concepts described previously. The prototype fol-
lows Fig. 3 with parameter values P = 8, L = 2, and
O = 4. A block diagram is shown in Fig. 5. The RF weight
layer comprises two four-element FC groups (also referred
to as FC-tiles, hereafter). In each group, the antenna port is
interfaced with two RF chains via front-end amplifiers and
PGAs for complex-weighting. Thus, the prototype has four
complete upconversion and downconversion RF chains that are
implemented in an inter-leaved manner, as shown in Fig. 5.

"The inter-leaving approach was taken to facilitate one of the three SIC
mechanisms for STAR operation, which was described briefly in [27].
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Fig. 5. Simplified schematic of two-layer eight-element four-stream HBF transceiver prototype.

The analog baseband weight layer is also designed to be FC,
but the transmit and receive paths are not interleaved.

The Cartesian-combining/splitting technique described in
Section III is used to perform RF-domain first-layer beam-
forming in each stream of the FC tile (the two streams in
each tile are shown in red and blue in Fig. 5). In addition to
its architectural advantages, the Cartesian-combining/splitting
technique is well-suited to dual-band beamforming. This
is because the RF-domain network is only based on pro-
grammable transconductors and current-mode combiners or
voltage-mode splitters and can all be designed to have dual-
band frequency responses. The frequency translation chains in
each tile can select either 28- or 37-GHz LO, thereby provid-
ing maximum re-configurability between carrier-aggregation
and MIMO modes. Compared to the heterodyne image-reject
dual-band beamforming architecture described in [24], which
minimizes the LO tuning range, the homodyne architec-
ture used here is simpler and offers more flexibility in LO
frequency selection and better cross-stream isolation at the
expense of larger LO tuning requirements.

Our prototype transceiver comprises the following blocks:
1) one LNA/PA dual-band bidirectional interface per ele-
ment shared between the two streams in each tile;
2) dual-band bidirectional beamforming network with shared

passives between the TX and RX path for compactness;
3) one homodyne complex-quadrature up/down conversion
stage per stream; 4) dual-band LO generation and distribution
network; 5) baseband TX and RX second layer analog domain
processing; and 6) digital control and adaptation circuitry.
Design considerations of the key blocks are described next.

A. LNA/PA and Bidirectional Antenna Interface Design

Each RF signal port of the chip connects to a dual-
band, bidirectional front-end circuit that interfaces an antenna
element to the first beamforming layer, as shown in Fig. 5.
The front end, as shown in Fig. 6, comprises a low-noise
amplifier, a power amplifier, and an antenna interface network,
which combines a T/R switch function, a power combining
function in transmit mode, and an input matching function in
the receive mode. The front end is a refined version of the
prototype [25]. As shown in [25], the FC first layer achieves
better energy efficiency than a PC type when PAs with
better back-off efficiency than Class-A are used. Therefore,
the PAs in the present front end employ a two-way power
combining topology with Class-B unit PAs in the output stage,
each having a second-harmonic shorting network; this enables
better peak and back-off efficiency. The front end can be
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< Z based
gain stage

AIN-LNA-PA

Fig. 6. Schematic of dual-band bidirectional front end consisting LNA, PA,
and antenna interface switch.

switched between transmit and receive modes by means of
three switches, as shown in Fig. 6 [25]. The output side series
power combining network also constitutes an input matching
network to the LNA, which uses a G,,-boosted common-
gate input stage. All gain stages except the input LNA stage
and the PA input stage use common-source differential pairs
without a tail current source but with cross-coupled capacitive
neutralization for improved differential mode stability. These
stages use transformer coupled-resonator loads to obtain dual-
band frequency responses. To equalize gains in the two bands,
one gain stage in each of the LNA/PA paths uses driving port
impedance (Z;;) load; all other stages use trans-impedance
(Z21) loads.

The antenna interface network design used in this pro-
totype is compact and can operate concurrently in the two
bands of interest. The interface switch avoids series quarter-
wavelength transmission lines in the transmit and receive
paths; such transmission lines are commonly used in front-end
switches but occupy a large footprint and have high insertion
loss [8]. In the switch designs in [7] and [8], the receive input
experiences a tuned narrowband high impedance transmit-
side load that limits the receiver’s input match bandwidth.
In contrast, in our interface network (see Fig. 6), the receive
path input inductance can be reduced by turning ON the sec-
ondary side switch in the PA’s output network. Thus, a fairly
wideband input match can be achieved (measured S;; around
-12 dB/-8 dB for 28-/37-GHz bands). In the transmit mode,
the loading from the OFF-state receive-side switch in [8] can
reduce its bandwidth. Our simulations indicate that this can
cause ~3-dB lower output power at 37 GHz when designed
for the 28-GHz band [25]. In contrast, in the transmit mode
for our interface network, the LNA input shorting switch
reduces the PA’s output power by only ~0.3 dB and does
not cause bandwidth degradation. The isolation from the PA
output to the LNA input is simulated to be 38/36 dB in
the 28-/37-GHz band. The switch can configure the circuit
between transmit and receive modes in a time on the order
of a few nanoseconds; actual switching time is limited by the
characteristics of the bias circuits and the power supply of the
front end. An important refinement in the present transceiver’s
front end compared to our previous front-end design is that the
gain of the LNA is increased by adding a gain stage using a
Z11-based load [25], [29]. This improves the overall LNA gain

Transmission line interconnect
= Shared passives
= Forward path actives

(a) = Backward path actives

Fig. 7. Schematic of (a) reconfigurable bidirectional splitting/combining
network and (b) programmable bidirectional transconductor.

by 4 dB in the 28-GHz band and 11 dB in the 37-GHz band
and results in a 26-dB gain in both bands. In the simulation,
the receive path front end (in Fig. 6) achieves 5.3- and 6.5-dB
NFs in 28- and 37-GHz bands, respectively. The transmit path
achieves 26- and 28-dB gains, 14.5- and 15.5-dBm output
referred 1-dB compression points (oP;gg), and 17.5% and
20% efficiencies at oP4g in simulation in 28- and 37-GHz
bands, respectively.

B. RF Beamforming Layer Network

The RF-domain beamforming network in the first layer
is constructed by combining bidirectional sections similar
to Fig. 7(a), following the system shown in Fig. 5. The
section shown in Fig. 7(a) comprises three bidirectional
transconductor stages (G1-G3) connected to a coupled res-
onator. Transconductors G 1-G3 use cross-connected differen-
tial pairs, one of which is turned ON for forward or reverse
signal flow (in the complex-weighting sections, these are
binary-weighted, digitally switched [see Fig. 7(b)]). Thus,
the signal path can be reversed without having switches in
the RF signal path, thereby improving losses and bandwidth.
Moreover, the cross-connected differential pairs [in Fig. 7(b)]
also help improve differential mode stability of the entire
combiner path by enabling self-neutralization through the gate-
to-drain capacitance of the OFF-state path [25]. To improve
common-mode stability, the center tap of the drive-side coil
of each coupled-resonator in the beamforming network is
connected to the power supply, while the center tap of the
load-side coil is left open [25].

The secondary side of the coupled resonator serves as a
voltage-splitter in receive mode (with G1-G3 in the forward
mode) and a current-combiner load in transmit mode (with
G1-G3 in the reverse mode). Using this structure in lieu of
the traditional Wilkinson structure provides another advantage,
namely, a third mode is available for current-mode SIC for
simultaneous transmit-receive operation where G1 and G2
are set in the forward mode and G3 in the reverse mode.
Passive structures throughout the first-layer network are shared
between the TX and RX signal paths in order to reduce
die area. The resulting compactness also helps minimize
interconnect losses and, hence, overall power consumption.
In the simulation, the entire beamforming path from an LNA’s
output to a downconverter input (an upconverter output to

Authorized licensed use limited to: Carnegie Mellon Libraries. Downloaded on October 01,2021 at 17:02:24 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

oo —Su2L LT
o Cuz OC Jowe
i L

R
ol L Tou2
cw2| 900 Jewa

00

000

Differential I

half circuit

FE 7=
“q

Q00
Cu2] L Cui2 G2l L JGu2

) ,I'rum; L xemR Fme¥ C = Cw+Cu2
L=L(l-k) Lg2
(‘d) Equivalent XFMR
0.35 340 55
==+ Simplified analysis kx= 0.6, ke=0.325
03p Simulation ~1320 % (28/37 GHz dual-band)
0.25 300 £ @“‘5
Fa —40
0.2 1280 0 N5
0.15 260 30 k=03, ke =047
(not support dual-band)
- 25
2 0.3 04 05 Y % 30 35 40 45
kx Frequency (GHz)
(© (d)

Fig. 8. Transmission line—transformer—transmission line system.
(a) Simplified lumped element model. (b) Differential half circuit equivalent
representation. (c) Effective coupling factor (kg) and self-inductance
(LEg) across transformer’s coupling factor (kx). (d) Transimpedance (Z;;)
amplitude response for kx = 0.6 and kx = 0.3.

a PA input) achieves 4- and 0-dB (6- and 3-dB) gains in
the 28- and 37-GHz bands, respectively.

C. Front-End and First Layer Frequency Response

The front-end and first-layer beamforming network
is designed to support concurrent operation in the
28- and 37-GHz bands. Their frequency responses are
tailored by adjusting the coupling coefficient (and hence
the poles) of the coupled resonators. A moderate coupling
factor (kx = 0.25-0.35) is chosen for the coupled-resonators
in the LNA/PA stages, similar to in [24] and [25]. In the
beamforming network, however, the presence of relatively
long transmission lines (100-300 um) between the active
circuits and the coupled resonator loads leads to somewhat
different design considerations, as discussed next. Specifically,
it was found that a substantially higher coupling coefficient
(kx = 0.4—0.6) was required to achieve the requisite
dual-band frequency response. Our design approach starts
with analysis using lossless lumped-element models for the
transmission line interconnect (parameters L;, k., Cr, and
Cy) and the transformer (parameters Lx and k). The circuit
is shown schematically in Fig. 8(a), and its differential-mode
half-circuit equivalent is shown in Fig. 8(b). The voltages V;
and V, and the currents I; and I, in Fig. 8(b) are related as
follows:

Vi =s[L+ (Lx/2)(F1/F2)]h + slkx(Lx /2)(1/ F2)]1 1
Vo = slkx(Lx/2)(1/F>2) 11 + s[L + (Lx /2)(F1/F2)]1>

where
Fi =1 —o*(CLx/2) x (1 — k%)
F> = [1 — 0*(CLx/2)(1 + kx)][1 — @*(CLx/2)(1 — kx)].
)

If we now represent the circuitry inside the blue dashed
rectangle in Fig. 8(b) as an equivalent transformer with a
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Fig. 9. (a) Bidirectional complex quadrature mixer. (b) Schematic of
up-conversion mixing core w/o the load inductor. (c) Schematic of quadrature
downconversion mixer.

coupling factor of kg and self-inductance of Lg/2, it can be
derived from (4) that

Lg =2L+Lxx(F\/F>),kp=kx/(Fi+F, x 2L/Lx). (5)

Therefore, in the presence of the transmission lines,
the effective transformer coupling factor is reduced, and
self-inductance is increased. Fig. 8(c) and (d) illustrates an
exemplary scenario where two 240-um transmission lines are
symmetrically connected to a transformer (Ly = 100 pH and
kx is tunable). The transmission line interconnect is first sim-
ulated using a field solver, and its lumped element parameters
are extracted as L; = 155 pH, k; = 0.52, Cyy = 15 fF, and
C; = 40 fF. It can be seen from Fig. 8(c) that the simulated
Lp and kg variations with ky closely match the simplified
analysis in (5). As further verified in Fig. 8(d), the transim-
pedance of the composite transmission line and transformer
system with moderate coupling coefficient (kx = 0.3) has
low bandwidth since the effective coupling coefficient is low
(kg = 0.17). On the other hand, the system can be made to
operate as a dual-band load when a relatively high coupling
factor ky = 0.6 is chosen, which results in moderate effective
coupling (kg = 0.325).

D. Frequency Translation Chain Design

Fig. 9 shows a detailed schematic of the bidirectional
complex quadrature mixing stage. In each tile, the up- and
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down-conversion mixing paths are connected to the beam-
forming network by a pair of coupled resonators (one each for
the real and imag paths). The primary port of each coupled
resonator connects to the bidirectional transconductors in the
beamforming network. The secondary port of each coupled
resonator acts as a load of a quadrature up-conversion stage
and also as a splitting node to a quadrature downconversion
stage.

The downconverted outputs of the quadrature mixer pairs in
the receive path are weighted [ B;—Bg in Fig. 9(a)] and summed
to generate baseband quadrature outputs. The weights B;—Bg
serve two purposes: first, to perform the output summing
operation required to complete Cartesian-combining in the
first beamforming layer; second, to correct for gain and phase
errors. The nominal B|—Bg values in the absence of gain/phase
errors are shown in Fig. 9(a). Including gain errors (A;—A4)
and phase errors (6,-0,) of the four down-conversion mixing
paths, the B;—Bg values are given as follows:

_cos 6, - sin 6, B sin 6, cos O,
"TAC AC T T T MG T A
— CcoS b, —sinby —sin6; cosOs
Bs = ———, Bs= , Br= , Bg=
A3C; A3C; A4Cs A4Cy
where
Cy =cos(@), —6,) and C, = cos(6s — 0,). (6)

It should be noted that this scheme can correct for sev-
eral types of gain/phase errors (6,—64/A1—Ay), including:
1) quadrature gain/phase error between I and Q LO paths;
2) gain/phase error within the two I paths or the two Q paths
of the LO; and 3) gain/phase error between the real and imag
signal paths.

Similar to the RX path, the A;—Ag weights in the TX
path are applied to the baseband I/Q data streams to per-
form complex mixing and gain/phase error correction before
being input to the upconversion mixers. The transistor-level
schematic for the up-conversion mixing core (excluding the
load transformer) and the quadrature down-conversion mixer
are shown in Fig. 9(b) and (c), respectively. Current steering
is used in both the up- and down-conversion mixing stages
(using PMOS devices in Fig. 9(b) and (c), where the amount
of current steering is set through Vg, and Vjp,) to improve
linearity and noise performance. In the simulation, the down-
conversion mixer achieves 6-dB conversion gain and 18-dB
NF. The upconversion mixer achieves 6- and 1-dB conversion
gains in the 28- and 37-GHz bands, respectively.

E. Dual-Band LO Generation and Distribution Network

Since this transceiver employs direct conversion in both
frequency bands, the LO distribution circuitry must have a
frequency response that covers both bands. Moreover, since we
desire the band for each stream (i.e., each up/downconversion
pair) to be independently selectable, dedicated LO genera-
tion/distribution units are necessary for each stream. In this
transceiver, LO synthesis circuitry is not included. However,
it accepts single-ended LO signals in 28 and 37 GHz, from
which differential-quadrature signals appropriate for feeding

~@—— LOGEN for Tile #1

LOGEN for Tile #2 —pp

Tile#1 Stream #1
~~
Tile #2 Stream #1

Tile#! Stream #2
Tile #2 Stream #2

Fig. 10. Dual-band quadrature LO generation and distribution network for
the two-tile four-stream MIMO HBF transceiver shown in Fig. 5.

the active mixers shown in Fig. 9 are generated and distributed.
The LO subsystem is shown in Fig. 10. The 28- and 37-GHz
LO inputs are converted to the differential using baluns
and then buffered and fed to coupled resonator quadrature
hybrids (CRQHs), the design of which was described in detail
in [30]. In contrast to other quadrature generation methods,
the CRQHs are extremely compact, have low loss, and are
easily implemented in differential form. The limited bandwidth
over which the CRQH maintains a 90° phase difference is not
an issue here because the CRQH can be tuned along with
the LO frequency. In this transceiver, separate CRQHs are
used for each band. The voltage outputs of the CRQHs are
buffered by transconductors terminated in dual-band coupled
resonator loads, as shown in Fig. 10. The LO fed to a particular
stream is selected to either 28 or 37 GHz by switching ON or
OFF the appropriate buffer transconductor. In the simulation,
the LO path from the single-ended input to each of the 1/Q
differential output has 10- and 4-dB gains in the case of the
28- and 37-GHz paths, respectively.

F. Analog Baseband Beamforming Layer

1) Cartesian Baseband Beamforming: The analog beam-
forming layer uses separate Cartesian complex-weights at
baseband [2] for the transmit and receive paths (see Fig. 5).
A detailed schematic of a section of the second beamforming
layer is shown in Fig. 11(a), where Cartesian complex-weights
are applied to two baseband streams and their outputs summed
together, in accordance with the architecture of Fig. 5. Each
complex-weight is realized using four programmable transcon-
ductors whose output currents are combined with appropriate
polarity, as shown in Fig. 11(a). In-phase and quadrature com-
ponents of output currents from two such complex-weights are
summed together and converted to voltage using resistive loads
(which use current bleeding to set the common-mode level).
Each programmable transconductor has 6-bit (including sign
bit) binary gain control, thereby enabling fine resolution base-
band beamforming. A combination of binary and thermometer
coding can be used to overcome non-monotonicity in the
gain characteristic due to process variation and mismatch, but
binary-only weighting was sufficient since 30 gain variation
was below 0.7x LSB based on Monte Carlo simulation.
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Fig. 11. (a) Baseband complex-weighting and combining. (b) Programmable
sign-switchable transconductor that maintains the input and output impedance
and quiescent current consumption across the tuning range.

2) New PGA Architecture: An improved topology was
sought for the programmable transconductor due to a large
number of such cells and to achieve high complex-weighting
accuracy over all possible settings. Desirable attributes
of a programmable transconductor include precise linear
increments, constant input and output capacitances and out-
put resistance (to ensure phase invariance across settings),
low hardware overhead, and constant output common-mode
voltage. The phase-invariant topology described in [10] has the
first two attributes. However, in order to present constant input
capacitance, the design in [10] uses additional analog circuit
blocks. Moreover, its common-mode voltage is a function
of the gain setting. In order to overcome these limitations,
the topology shown in Fig. 11(b) was developed, along with
a digital encoding scheme that ensured constant capacitance,
output resistance, and DC current.

The proposed transconductor is a binary-weighted array of
cross-connected differential pairs. Each cell in the array can
be turned ON or OFF by switching the bias of that cell’s tail
current source. A digital controller controls how the cells are
turned ON or OFF, according to an algorithm discussed next.
Suppose that the desired weight is represented as W, and the
digital controls for the positive and negative polarity cells are
DIGP and DIGN, respectively. Let the maximum value of
DIGP or DIGN be N. The controller selects a set of values
for DIGP or DIGN such that

DIGP—DIGN =W, DIGP+DIGN=(N)or (N+1). (7)

That is, the total number of turned-ON cells is roughly
constant (with an unavoidable one LSB variation) across the
entire tuning range (+N to —N). The solution to (7) can be

shown to be the following:
DIGP=|(N+1+W)/2], DIGN=|(N+1-W)/2]. (8)

Let us take two example cases with W = 31 and W = —15,
where N = 31. According to (8), the DIGP and DIGN values
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and the PGA topology proposed in this work. (a) Input capacitance, (b) output
capacitance, (c) output conductance, and (d) output node total DC current.

for the first case are 31 and O and, for the second case, are
8 and 23, respectively. Based on the above design strategy,
as the total turned-ON cells only vary by one LSB, the input
capacitance, output impedance, and DC current variation are
also bounded to one LSB variation between the ON and OFF
unit cell. The digital control circuitry that implements the
functionality in (8) is shown in Fig. 11(b).

The performance of the proposed transconductor (hereafter
referred to as TOP#3) is compared next with two other
topologies (TOP#1 and TOP#2). TOP#1 has the same topology
as Fig. 11(b) but without the digital controller. In TOP#1,
the top half is turned ON when W > 0 (i.e., DIGP = W
and DIGN = 0), and the bottom half is ON for W < 0
(i.e., DIGP = 0 and DIGN = W). TOP#2 is the design
from [10] that uses separate constant capacitance and constant
output impedance cells to ensure phase invariance. The follow-
ing conclusions can be drawn from the comparison, whose
results are plotted in Fig. 12.

1) TOP#2 and TOP#3 both have constant input capaci-
tance. However, since TOP#3 does not require a dedicated
capacitance compensation block, it has 30% lower input
capacitance [see Fig. 12(a)].

2) TOP#2 and TOP#3 have constant output conductance
[see Fig. 12(c)]. However, TOP#2 uses an explicit negative
resistance cell whose bias current needs to be independently
tuned and can also vary across the process. On the other
hand, TOP#3 uses no additional analog hardware compared
to TOP#1.

3) All three topologies have roughly constant output capaci-
tance [see Fig. 12(b)]; however, TOP#2 has higher capacitance
due to the use of the explicit conductance compensation cell.

4) TOP#3 consumes constant DC bias current
[see Fig. 12(d)] across the tuning range, which helps keep the
output common-mode voltage constant. Also, the DC power
consumption of TOP#1 varies with weight setting, while
the DC power consumption of TOP#3 (TOP#2) is constant
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Fig. 13. Die micrograph of 28-/37-GHz two-layer HBF transceiver prototype.

and equals to (somewhat higher than) the maximum power
consumption of TOP#1.

5) TOP#3 has a slightly higher die area than TOP#1 due to
the digital controller, but TOP#2 consumes ~40% more die
area due to the additional analog blocks.

6) Unlike TOP#1 and TOP#2, where the input-referred noise
power increases linearly for decreasing the weight settings
from maximum, for TOP #3, it increases quadratically, and
all designs have equal noise contribution for the full settings.

V. MEASUREMENT RESULTS

The dual-band two-layer eight-element HBF transceiver
prototype is designed and fabricated in a 65-nm process (see
Fig. 13) and consumes a 2.3 mm x 5.5 mm (12.65 mm?)
die area including pads. Each of the four-element two-stream
RF FC-tile occupies 1.8 mm x 1.8 mm die area, includ-
ing the bidirectional two-stream beamforming front-end and
frequency translation stages. The LO generation and distrib-
ution network and the baseband beamforming layer occupy
a total 1.89-mm? die area for eight elements together. This
is equivalent to 0.81-mm?’ die area per element for two
streams for bidirectional FC-tile and 1.05-mm? die area per
element for two streams for the complete two-layer TRX
beamforming. The ultra-compact Cartesian architecture, the
custom-made mm-wave passive structures, and the sharing
of passives between TX and RX modes help the prototype
to achieve the lowest area consumption w.r.t. state-of-the-art
single-layer beamforming transceivers even while supporting
two MIMO streams (see Table I).

The eight-element two-layer MIMO prototype consumes a
total of 1.37 A in the RX mode and 1.93 A in the TX mode
from a 1-V power supply. The power breakdown is 8 x 26 mA
in eight LNAs, 8 x 96 mA in eight PAs, 4 x 120 mA in
the two-stream combiner in two tiles, 4 x 60 mA in the
two up/down conversion mixers in two tiles, 2 x 122 mA
in the LO generation in two tiles, and 2 x 100 mA in the
TX/RX baseband layer in two tiles. This is equivalent to per
element per-stream power consumption (calculated by dividing
LNA/PA power by the number of elements only and other by
the number of elements and streams) of 98.75 mW in the RX
mode and 168.75 mW in the TX mode.

A. Single-Element TX and RX Mode Characterization

A single element was first characterized in TX and RX
modes with the real/imag path of one stream turned ON
for one element (see Fig. 5) with full gain settings. The
conversion gain is measured by sweeping the RF frequency
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Fig. 14. Measured single-element receiver conversion gain, input return
loss (S11), receiver noise figure, LNA input-referred Pjgp, and receiver
input-referred Py gp.

and LO frequency together with a fixed IF of 50 MHz. The
RF performance above (below) 33 GHz is measured using the
37-GHz (28-GHz) band LO path.

Fig. 14 shows single-element RX mode characterization
results. The receiver achieves 44- and 37-dB peak conversion
gains, 2.5- (26.5-29-GHz) and 2.75-GHz (35.25-38-GHz)
RF bandwidths, 7.9- and 8.8-dB minimum noise figures,
—12- and —8-dB Sj;, and —29- and —22-dBm input-referred
1-dB compression points at 28- and 37-GHz bands, respec-
tively. Next, the LNA linearity is measured by setting all
blocks following the LNA at low gain settings to avoid any sig-
nal compression after the LNA. The LNA input-referred 1-dB
compression point is —15 dBm in both bands (see Fig. 14).
The wide RF bandwidth around each of the two concurrent
bands enables the beamformer to support multiple channels
in each band (up to ~0.7 GHz of channel bandwidth can be
supported in this design). Note that the dual-band frequency
response helps filtering out unwanted spectral components in-
between the two bands of interest. Although the front end sup-
ports two concurrent bands, the direct conversion architecture
achieves high inter-band isolation through baseband filtering
since the unwanted band appears at ~9-GHz offset after the
frequency translation.

Fig. 15(a) shows single-element TX mode characteriza-
tion results. The transmitter achieves 43.5- and 40-dB peak
conversion gains and 2.5- (27.2-29.7-GHz) and 2.75-GHz
(35.05-37.8-GHz) RF bandwidths at 28- and 37-GHz bands,
respectively. Next, the TX is characterized for large-signal
performance. As shown in Fig. 15(b) and (c), the TX achieves
15.5- and 15.6-dBm peak output powers, 14- and 14.2-dBm
output referred 1-dB compression points (Pjgg), 21% and
21.5% peak PA efficiencies, and 15.5% and 17.2% PA effi-
ciencies at P;gp at 28- and 37-GHz bands, respectively.
The PA large-signal performance across frequency is shown
in Fig. 15(a).

The IF responses in TX and RX modes were measured in
the 28- and 37-GHz bands. As shown in Fig. 16, in the RX
path, ~340-MHz 3-dB IF bandwidth is obtained in both bands,
equivalent to 680-MHz two-sided RF bandwidth. Similarly,
in the TX path, 260-MHz (520-MHz) IF bandwidth (two-sided
RX bandwidth) is obtained.

On-chip fine-resolution baseband PGAs (A;_s and Bj_g
in Fig. 9) are adjusted in the measurement to improve TX
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(a) Measured single-element transmitter conversion gain, saturation output power (Pgy), and PA efficiency at Pgy versus frequency. Large signal

TX gain and output power versus input power, and PA efficiency versus output power in (b) 28- and (c) 37-GHz bands.
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Fig. 17. (a) TX output signal spectrum in 28- and 37-GHz bands show-

ing image-rejection and LO-rejection. (b) Image-rejection and LO-rejection
toward the beam-pointing angle-of-departure for a four-element TX in the
28-GHz band across beam steering range of —60° to 60°.

and RX path image rejection and LO rejection. TX output
spectrum for 28- and 37-GHz bands are shown in Fig. 17(a)
with LO frequency set to 28 and 37 GHz, respectively,
the IF frequency is set to 4+0.1 GHz and the TX output
power is set at output referred P1dB. LO rejection of 27 dB
(20 dB) and image rejection of 30 dB (26 dB) are achieved
in the 28-GHz (37-GHz) band. In the case of a multi-antenna
system, it is also important to achieve a good image and LO
rejection when multiple elements are turned ON with different
front-end phase settings. To this end, four TX elements are
turned ON in measurement in the 28-GHz band with uniform
linear array (ULA) of patch antennas (details of multi-antenna

Fig. 18. (a) On-wafer probing setup with four probes simultaneously
accessing 60 pads. (b) Setup photograph with four-element antenna array
directly connected on the RF probe head for four-element OTA measurements.

measurement setup is elaborated in Section V-B), where
weights are set to steer the beam across —60°-60° with a 5°
step. Desired signal, an image signal, and LO leakage signal
power are detected using a horn antenna RX at the other end of
the link placed at the corresponding beam pointing direction.
As shown in Fig. 17(b), over 22-dB LO rejection and over
28-dB image rejection are achieved across the beam steering
range. On the other hand, in the RX mode, better than 1° and
0.3-dB 1I/Q phase and gain matching are achieved in both the
28-and 37-GHz bands, which translates to better than 35-dB
image rejection. Note that both the image and LO rejection can
further be improved by increasing baseband PGA resolution
or by performing additional pre-/post-processing in the digital
domain for the TX/RX path.

B. TX and RX Mode Beamforming

Next, beam steering is characterized over-the-air (OTA) for
a four-element array in the TX and RX modes using on-wafer
probing. Fig. 18(a) shows the wafer probe setup that can access
4-RF input/output pads, two LO input pads, 12 analog/digital
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two-stream spatial MIMO operation in case of (b) single-layer FC, (c) single-layer PC, and (d) two-layer architecture with PC-tile.

pads, and 42 power/ground pads. Measurements presented in
Sections V-A-V-C were done using this setup. To conduct
four-element OTA measurements with wafer probing, a ULA
antenna was connected to an RF probe using short semi-rigid
coaxial cables, as shown in Fig. 18(b). The patch array is
designed to operate at a 28-GHz band with an element-to-
element spacing of 1/2 at 28 GHz. A horn antenna is used
at the opposite end of the link [see Fig. 19(a)]. In the RX
mode, a continuous wave single tone RF signal is transmitted
through the horn antenna OTA, which is then received by all
four elements, downconverted to IF after beamforming, and
observed through the spectrum analyzer. Similarly, in the TX
mode, a continuous wave single-tone IF signal is applied to
the chip, upconverted to RF, appropriately weighted to form a
beam toward the angle of departure, and transmitted OTA,
which is then received by the horn antenna and observed
in the spectrum analyzer. The horn antenna is placed at a
distance of ~6 ft and rotated with a 5° angular step along a
semicircular path (keeping the patch array at the origin) while

always pointing toward the patch array. A single-point angular
calibration is performed at the 0° settings w.r.t. the normal of
the patch array. At the 0° settings, complex-weights in each of
the four elements are adjusted to receive/transmit synchronous
signals, thereby calibrating out any mismatch between the
four antenna-to-chip connections. The beam weights are pre-
calculated based on the steering direction and applied to the
chip through the SPI interface. The TX and RX mode beam
patterns are shown in Fig. 19(b) and (c), respectively, for
steering angles of —50°, —30°, —10°, 0°, 10°, 30°, and 50°.
The measured beam patterns closely match the steering beam
and null angles with better than 10-dB sidelobe performance
(without tapering).

C. Performance of Various Hybrid MIMO Architectures

Measurement setup for on-air four-element MIMO char-
acterization is shown in Fig. 20(a). A four-element ULA is
connected to the chip, and the chip is configured in two-
stream RX mode to receive two independent data streams
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simultaneously. On the TX side, two independent I/Q pairs of
data streams are first generated using an arbitrary waveform
generator (AWG), which is then upconverted to 28 GHz
using two of-the-shelf up-conversion evaluation boards. The
upconverted TX signals are then transmitted through two horn
antennas that are placed at 0° and 30° relative to the normal
of the RX array. Please note that our setup is limited to
generating arbitrary modulation schemes only for one I/Q pair,
and the other I/Q pair can only use the QPSK modulation
scheme. On the RX side, the chip performs simultaneous
beamforming, RF domain spatial filtering, and downconver-
sion. Finally, the baseband RX (I/Q) outputs of both streams
are simultaneously captured using an oscilloscope to analyze
the received data (demodulation, synchronization, and plotting
are done in MATLAB). No equalization and cross-stream
rejection were applied in software or in the digital domain for
the results in Fig. 20(b)—(d). Although the MIMO operation
in HBF is partially verified with a two-element setup in our
previous work, to the best of our knowledge, this is the first
demonstration of the complete over the air simultaneous multi-
user communication link measurement in the literature.

Here, the MIMO operation is characterized in three different
configurations C1-C3 [see Fig. 20(b)-(d)]. In each configura-
tion, beam weights are first computed based on the TX loca-
tions in order to steer beam toward the desired TX user while
simultaneously steering null toward the undesired TX user.
The computed weights are then applied to the chip using an
SPI interface. In each configuration, the beam pattern is mea-
sured following the setup in Fig. 19(a) for each stream. The
measured patterns [see Fig. 20(b)—(d)] match the simulations,
and the two co-channel streams are decoded with high EVM
in all configurations. The transmitted streams in this mea-
surement have equal power, and the per-element per-stream
average RX input power is set to approximately —60 dBm.
The link is set up in a noise-limited state so that changes
in EVM can be observed in Fig. 20(b)—(d) as the beam-
forming gain changes between the different configurations
C1-C3. Fig. 20(b) shows that, in the case of a single-layer
FC configuration in C1, simultaneous 10 x log(4) = 6-dB
beamforming gain can be achieved from four RX elements,
thereby showcasing the advantage of an FC array. On the other
hand, Fig. 20(c) shows that, in the case of a single-layer PC
configuration in C2, simultaneous beamforming gain of only
10 x log(4/2) = 3 dB can be achieved from four RX elements
and two streams. However, Fig. 20(d) shows that, in the case of
a two-layer PC configuration in C3, once we add the second
layer of baseband processing, per-stream beamforming gain
and EVM performance close to C1 can be achieved, thereby
showcasing the effectiveness of two-layer MIMO processing.
Therefore, measurements in Fig. 20(b)—(d) clearly show the
tradeoff present in existing MIMO architectures and the benefit
of the proposed architecture, as described in Section II.

D. Eight-Element TX and RX MIMO Characterization

In order to exercise all eight elements and four RF chains,
the chip is wire-bonded directly to a RO4003 PCB [see
Fig. 21(a)]. The chip was placed inside a cavity in the PCB,

IEEE JOURNAL OF SOLID-STATE CIRCUITS

Fig. 21.  (a) Chip-on-board PCB of the eight-element two-layer hybrid
beamformer prototype. (b) Measurement setup consisting of the eight-element
PCB connected to an eight-element ULA antenna array.
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Fig. 22. EIRP improvement and EVM improvement across the number of
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Fig. 23. (a) Eight-element two-stream simultaneous OTA TX MIMO
measurement setup. (b) Beam pattern measurement and (c) modulated signal
OTA measurement for concurrent two-stream spatial TX MIMO operation.

and care was taken to reduce bondwire length and loop height
for the RF and LO signals. A photograph of a measurement
setup of the eight-element prototype board connected to an
eight-element ULA is shown in Fig. 21(b). This setup is used
in the following eight-element OTA measurements.

First, eight-element transmit mode characterization is per-
formed using a continuous-wave signal in the 28-GHz band.
All eight elements are set to equal output power, and a horn
antenna is used at the other end of the link to receive the spa-
tially combined transmitted signals from the array. A single-
point angular calibration, similar to the four-element case in
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Fig. 25. Concurrent 28-/37-GHz single-element RX (a) measurement setup
(c) measurement setup and (d) constellation measurements.

Section V-B, is performed at the 0° settings with respect to the
normal of the patch array. At the 0° settings, complex-weights
in the eight elements are adjusted to transmit synchronous
signals. The horn antenna RX is placed at the 0° angular
position. Fig. 22 shows the transmitted effective isotropically
radiated power (EIRP) improvement with the number of
turned-ON elements. As expected, the EIRP improvement is
linear on a logarithmic scale, with approximately 6-dB EIRP
improvement for every doubling of the transmit elements.
Next, a modulated (1-Gb/s 16-QAM) single-stream signal is
transmitted through the transmit array. The transmitted average
output power per element is set to 0 dBm, and the link is set
up in a noise-limited state to observe the change in EVM
with improvement in EIRP for a fixed distance across the
number of turned-ON elements. The other end of the link uses
a 28-GHz downconverter. As can be seen from Fig. 22, EVM
improvement of ~6 dB is also observed with every doubling
of the number of antennas. Note that the downconverter EVM
is separately measured to be limited to —32 dB, which ensures
that the downconverter linearity does not limit our EVM
measurement.

Next, simultaneous two-stream transmit MIMO beamform-
ing functionality is characterized with all eight elements using
the setup shown in Fig. 23(a). The prototype chip is configured
into two-stream FC mode to transmit two independent data
streams simultaneously. Here, two four-element two-stream
FC tiles together operate as an eight-element two-stream FC.
On the TX side of the link, two independent data streams (I/Q)
are generated using an AWG and applied to the prototype
chip. Beam weights are set to direct two simultaneous TX
beams toward —20° and 30° relative to the normal of the TX
array. On the other side of the link, two horn antennas are
placed at —20° and 30° angular positions [see Fig. 23(a)].
Each horn antenna output is down-converted using a 28-GHz

and (b) constellation measurements. Concurrent 28-/37-GHz single-element TX

down-conversion module, and the baseband RX (I/Q) out-
puts of both streams are simultaneously captured using an
oscilloscope to analyze the received data. Here, the prototype
chip performs simultaneous transmit beamforming and also
creates spatial nulls using RF domain on-chip weighting to
reduce leakage of one stream toward the angle of departure
of the other. Fig. 23(c) represents raw measurements, i.e., no
additional equalization or cross-stream rejection was applied in
software. It can be seen from the beam pattern measurements
in Fig. 23(b) that two independent beams are simultaneously
formed at —20° and 30° angular directions with beamforming
gain from both approaching 9 dB (maximum available from
eight-antenna elements) and null depth better than 25 dB
toward each other. Two independently modulated data streams
are simultaneously transmitted next with per-element PA aver-
age output power for each stream set at around —12.5-dB
back-off from the oP1dB to accommodate the modulation-
dependent PAPR and the PAPR increase of 3 dB from two
streams [25]. As can be seen from Fig. 23(c), two co-channel
streams are decoded with high EVM (EVM can be further
improved by improving cross-stream leakage with digital
pre-processing).

Finally, simultaneous four-stream MIMO beamforming is
characterized with all eight elements of the prototype chip
connected to a ULA. It can be seen from Fig. 24 that
successful four simultaneous beam steering is performed for
an exemplary scenario of look angles —35°, —15°, 20°,
and 40°. In addition to increasing Ny to four, the two-layer
processing in the FC tiles enables beamforming gain for all
four beams approaching the maximum possible gain with
eight antenna elements (i.e., 9 dB). In addition, over 25-dB
null is steered toward the three undesired angles of arrivals
for a particular stream, which enhances inter-stream isolation.
It should be noted that the two-layer MIMO with FC tiles
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TABLE I
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COMPARISON WITH RECENT PHASED ARRAYS AND HYBRID BEAMFORMERS

. CMU Qualcomm CMU IBM LG ucsb CcCMU
This Work ISSCC19 ISscC’18 ISsCC’'18 Isscc’17 RFIC'17 RFIC*17 RFIC*17
Technology 65nm CMOS 65nm CMOS | 28nm CMOS [ 65nm CMOS | 130nm SiGe | 28nm CMOS | 180nm SiGe | 65nm CMOS

Freq. (GHz) | 28 (2.5 GHzBW) | 37 (2.75 GHz BW) 28 37 25-30.5 28§ 37 28 28 28-32 25-30
RX Gain (dB) 44 37 16.1¢ + 109 24 33 1265 34 39 20¢ 34

NFnin (dB) 79 838 6.2¢ 7.0¢ 44 57 i 85 6° 6.7 4 6¢ 73

$11 (dB) -12 -8 132 1 151 <10 <10 § <15 - = <10 <8

P14g (dBm) -292 (-15%) -222 (-15Y) -16.7¢ | -14.5¢ . 230§ -23 -22.5 - 22 -29
TX Gain (dB) 435 40 285¢ | 26.2¢ 34-44 - - 24-32 - 14 -

Psat (dBm) 15.5 15.6 158¢ | 168 14 - 16 105 <13
PA Effsar (%) 21% 21.5% 20% | 216% - - - - -

P14s (dBm) 14 14.2 141¢ | 152¢ - - 135 95 <117 -
Power (mW)¢ 98.75 (RX), 168.75 (TX-DC) 38¢(R),116¢(T) | 42(R),90(T) 525 (RX) |206(R),287(T)| 50(R),85(T) |[130¢(R),200¢(T)| 27.5(RX)
Area (mm?) ¢ 1.05 048 1.16 0.46 259 091 29¢ 0.32

oGO {rutamsotorw miserand Lo dsition| ST SErrfor | o (000 | Mhri® | Mo [ 1008 [ omserorio | Y iO
Functionality (1) Multi-layer MIMO w/ FC tile MIMO-TDD/FD | T/R Phased | FC-HBF RX | T/RPhased | T/RPhased | T/RPhased | FC-HBF RX

(2) FD beamforming w/ 3-step SIC T/R Front-End Array MIMO/CA Array Array Array MIMO

afull RX path, ® LNA only, ¢ Excluding up-/down-conversion, 9Estimated for per-element per-stream,

also enables STAR operation along with MIMO, which will
be demonstrated in our future publications.

E. Concurrent 28- and 37-GHz Band Operations

Concurrent 28- and 37-GHz band performance is character-
ized next in transmit and receive modes for a single element.
In the concurrent receive mode, two independently modulated
data streams from two external up-converters (one at the
28-GHz band and the other at the 37-GHz band) are power
combined and applied to one antenna element [see Fig. 25(a)].
One received stream is set to operate in the 28-GHz band and
the other at the 37-GHz band to simultaneously down-convert
both the incoming streams. The baseband received outputs
from both streams are simultaneously collected through an
oscilloscope. As shown in Fig. 25(b), for 1.5-Gb/s (64-QAM)
data rate in each carrier independently, the RX EVM is
—27.9 and —26.3 dB, respectively (peak received power is
set as iP1dB of RX). Similarly, in the concurrent TX mode,
two on-chip up-conversion paths of two streams operate: one
in the 28-GHz band and the other in the 37-GHz band. Two
upconverted data streams are combined on-chip at the input of
the PA and are transmitted through one PA. The PA output is
downconverted using two external down-converters operating
one in each band [see Fig. 25(c)]. As shown in Fig. 25(d),
for 1.5-Gb/s (64-QAM) data rate in each carrier, the TX
EVM is —27.7 and —27.1 dB, respectively (peak TX power
is set as oP1dB of TX). The above measurements demonstrate
concurrent dual-band operation for a single element. Although
the prototype can support concurrent carrier aggregation from
multiple elements, the demonstration of multi-antenna carrier-
aggregation requires designing a dual-band/wideband antenna
array (a field of ongoing research [31]-[33]), which can be
considered as future work.

VI. CONCLUSION

This work makes two major contributions. First, a new
two-layer hybrid MIMO architecture is introduced, which

comprises multiple low-RF-complexity single-stream (PC) or
multi-stream (FC) tiles in the first spatial-processing layer,
followed by an FC analog/digital baseband second layer. This
architecture mitigates the complexity versus spectral-efficiency
tradeoffs between conventional single-layer PC and (our previ-
ously proposed) FC architectures and enables upward scaling
of the number of MIMO streams. Second, an ultra-compact
bidirectional reconfigurable dual-band two-layer beamforming
circuit architecture is introduced, which includes various inno-
vative circuit design techniques. While achieving state-of-the-
art transceiver performance (see Table I), the eight-element
four-stream dual-band prototype in this work demonstrates, for
the first time, multi-user (up to four) OTA MIMO functionality
using low-complexity highly energy-efficient FC RF-tiles with
spectral-performance and flexibility approaching that of digital
beamformers.
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