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Abstract—We report a packaging approach for build-
ing mm-wave massive multiple-input-multiple-output (MIMO)
transmitter arrays in tiles. A single-channel 135-GHz transmitter,
having a 22-nm fully-depleted (FD)-silicon on insulator (SOI)
CMOS IC for baseband-RF conversion, an InP HBT power
amplifier, and a linear microstrip patch antenna array, all pack-
aged on a low-permittivity ceramic interposer (Kyocera GL771,
e, = 5.2 and § = 0.003), had 27.5-dBm measured effective
isotropic radiated power (EIRP) at saturation and showed 8.5%
error vector magnitude (EVM) during 30-Gb/s, 64 quadratic-
amplitude modulation (QAM) transmission. An eight-channel
transmitter MIMO array tile module constructed on an low-
temperature-cofired ceramic (LTCC) interposer, with the same
antennas and ICs, after calibration and under the control of a
field-programmable gate array (FPGA), had 38.5-dBm measured
EIRP at saturation and showed —13-dB EVM in 1.92-Gb/s 16
QAM transmission. Steerable two-simultaneous beam transmis-
sion was demonstrated at 34-dBm peak EIRP per beam.

Index Terms— Ceramic interposer, D-band antenna, D-band
transmitter, heterogeneously integrated transmitters, low-
temperature-cofired ceramic (LTCC) carrier, massive multi-in—
multi-out (MIMO) arrays, millimeter-wave packaging, MIMO
tiles, multiuser MIMO arrays.

I. INTRODUCTION

HE rapid growth in wireless communications and the

emergence of high-rate media formats [high definition
(HD)/ultra HD (UHD), 360 videos, and augmented reality
(AR)/virtual reality (VR)] has saturated the spectrum allocated
for 4G systems, and industry is moving to 5G, with carriers at
sub-6, 28, 38, and 71-86 GHz [1]; further increase of mobile
data traffic is anticipated [2]. The 100-300-GHz links can
provide very high capacity, because of the wide spectrum and
because, given the short wavelengths (1), compact arrays can

Manuscript received 16 November 2021; revised 22 February 2022;
accepted 14 March 2022. Date of publication 7 April 2022; date of
current version 1 July 2022. This work was supported in part by the
Semiconductor Research Corporation and in part by the Defense Advanced
Research Projects Agency (DARPA) through the Joint University Microelec-
tronics Program (JUMP) Program. This article is an expanded version from
the 2021 IEEE RFIC Symposium, Atlanta, GA, USA, June 7-9, 2021 [DOI:
10.1109/RFIC51843.2021.9490491]. (Corresponding author: Ali A. Farid.)

Ali A. Farid, Ahmed S. H. Ahmed, and Mark J. W. Rodwell are
with the Department of Electrical and Computer Engineering, University
of California at Santa Barbara, Santa Barbara, CA 93106 USA (e-mail:
afarid @ece.ucsb.edu.)

Aditya Dhananjay is with the Department of Electrical and Computer
Engineering, New York University Tandon School of Engineering, Brooklyn,
NY 11201 USA.

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TMTT.2022.3161972.

Digital Object Identifier 10.1109/TMTT.2022.3161972

, Fellow, IEEE

have many elements and hence can simultaneously transmit
or receive many independent signal beams, i.e., can support
massive spatial multiplexing.

Between 100 and 300 GHz, worst case atmospheric
attenuation and A*/R* Friis path losses are high. Reliable,
high-capacity communication links of even 50-500-m range
must use either highly directional antennas in fixed-aimed
links or, for systems needing steerable beams, arrays having
many elements. Improved receiver noise figure or transmitter
RF output power reduces the number of necessary array
elements.

D-band transmitters have been reported in both CMOS [3]
and III-V [4] technologies. Reported packaged D-band
(110-170 GHz) transmitters and receivers include a
142-157-GHz GaAs mHEMT single-channel transmitter on a
silica substrate with 8-dBm Psy and 3.5-dB measured pack-
aging loss [5], a 135-170-GHz SiGe BiCMOS single-channel
transmitter on a glass interposer with 13-dBm peak output
power and 1-dB packaging loss [6], an eight-channel single-
beam transmitter array on a quartz substrate with 32-dBm
effective isotropic radiated power (EIRP) [7], a two-channel
single-beam transmitter on a high-performance printed circuit
board (PCB) with 20-dBm EIRP [8], and a link using 4- and
16-element transmitter/receiver arrays on a low-cost PCB with
a 6-Gb/s peak data rate [2]. Here, we report eight-element,
135-GHz multi-in—multi-out (MIMO) transmitter array tile
modules. This work is an extension of our single-channel
D-band transmitter reported in [9] and complements our
eight-channel D-band receiver reported in [10].

II. MASSIVE MIMO ARRAY ARCHITECTURE

The eight-channel tile modules are designed for use in
sets to form a 32-element or larger MIMO horizontal linear
transmitter array [Fig. 1(a)] that scans transmitted beams
horizontally, simultaneously sending independent signal
beams to multiple mobile users. The arrays are designed
for use with MIMO digital beamforming [11]-[14], which,
from the array’s 1Q input—output signals, determines the data
and direction of a set of transmitted signal beams. MIMO
digital beamforming arrays can form many independent signal
beams as the number of independent array signal channels;
in contrast, arrays using RF phase shifting [15] can only
produce one signal beam per array.

The transmitter array tile module [Fig. 1(b)] contains an
low-temperature-cofired ceramic (LTCC) carrier with eight
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Fig. 1. Spatially multiplexed (MIMO) transmitter (a) network hub MIMO
arrays formed from eight-element transmitter tile modules. (b) Each trans-
mitter module contains an LTCC carrier with eight transmitter channels,
each having a linear microstrip patch antenna array, a CMOS frequency
upconversion IC, and an InP HBT PA IC, plus two PCBs providing baseband
signal and dc connections.
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Fig. 2. Linear array field of view (a) with users is primarily distributed
laterally over the ground (b) but some distributed vertically in tall buildings.

transmitter channels, each having a linear microstrip patch
antenna array, a CMOS frequency upconversion IC, and an
InP HBT power amplifier (PA) IC, plus two PCBs providing
baseband signals and dc connections.

A. Array Directivity and Field of View

The linear array [Fig. 2(a)] steers the beam horizontally but
not vertically and, given 32 elements, provides a narrow lateral
and a moderate vertical beamwidth. To justify this design
decision, we show in the following that, despite providing only
horizontal beam steering, a linear array can communicate to
receivers either on the ground or at the tops of moderately tall
buildings [Fig. 2(b)]. Given maximum range R, [Fig. 2(b)],
maximum building height above the array Hy.y, and array
directivity D;, because Prceived < D;/R?> and R/Rpax =
sin ¢, /sing, we find that
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Fig. 3.  Antenna vertical directivity patterns (a) for a system providing
constant received signal intensity, independent of range up to some maximum
Rmax, for buildings of maximum height Hp,x, and (b) compared to a vertical
directivity pattern that provides coverage only over a narrow range of vertical
directions. (c¢) Gains of the two cases, in the horizontal direction.

Consequently, if the antenna’s vertical directivity [Fig. 3(a)]
D varies with elevation angle ¢ according to

Do, for || < o
D(¢) = { Do(sin® ¢,/sin* §), for ¢y < || <7/2 (2)
0, for |p| > m /2

then the received signal power at the maximum building
height Hp,x will remain constant for all ranges R < Rpax.
Here, Dy = /(o + (sin (2¢0))/2) because [ D(p)d¢p =
2, where

T bo /2
/ D($)dg = / Dodg + / Do(sin? ¢, /sin’d)ds
0 0

0

= Doo + Dy sin ¢,cos¢,, (3)

If, instead, the 1/ sin2¢ sidelobes are not present [Fig. 3(b)]
and, hence, communication to building tops is not provided,
then Dy = 7w /¢o. Comparing these expressions, providing
service to the building tops reduces the horizontally radiated
power by at most 3 dB [Fig. 3(¢c)].

B. Array Link Budget

Consider the link budget [1], transmitting from base station
to handset, for a 32-element array hub array simultaneously
communicating to 16 handsets. The ratio of received to trans-
mitted power ratio is Preceived/ Prans = (D; D, /167%)(1/R)? -
exp(—aR), where D, and D, are the transmit and receive
antenna directivities, respectively, R is the transmission range,
and «a is the atmospheric attenuation. The antenna directivi-
ties can be computed from the effective aperture areas Ap
according to D = 4m A./A%. We approximate the arrays as
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TABLE I
LINK ANTENNA PARAMETERS AND PATH LOSS
parameter symbol value
transmitter array height H, 4.81
array width W, 1521
vertical beamwidth 0, 3.75°
horizontal beamwidth b, 12°
directivity D, 29.6 dB
receiver array height, width H., W, 42
beamwidth (vert., horiz.) 0., o, 14.4°
directivity D, 23.0dB
transmission range R 50m
free space path loss (a=0) D.D,2?/16m?R? |-56.5 dB
atmospheric loss @ 20 dB/km | exp(—aR) |-1dB
total path loss P.ver ! Pronnitir |37-5 dB

rectangles of uniform radiation of height H and width W
having area A = H W, the vertical and horizontal full-width
3-dB beam widths, in radians, are 0 = 2- sin’1(0.45/1/H) and
¢ =2-sin"1(0.451/ W), respectively.

We now assume that the hub transmitter has N; = 32 chan-
nels at 0.5 channel spacing, giving W, = 15/, that each
transmitter channel antenna height is H; = 4.84, and the
receiving handset is an 8 x 8 array at 0.54 spacing. Note that
0.5 element spacing allows for beamsteering over 180° with-
out the appearance of grating lobes, for either the transmitter
or receiver; given realizable fabrication dimensions, the fabri-
cated transmitter uses a slightly larger 0.651 element spacing.
Fair-weather, sea-level atmospheric loss [16] is ~1 dB/km
at 135 GHz; 50 mm/h rain [17] increases this to 20 dB/km.
If we then assume R = 50 m the transmission range, the
net transmission Preceived/ Prans 1S then —57.5 dB. Table I
summarizes the link antenna parameters and path loss; note
that subsequent measurements show antenna gains 2-3 dB
below these estimates.

For QPSK modulation with orthogonal transmitted symbols,
a matched filter receiver, and receiver Gaussian noise with
spectral density kTF, the receiver error probability iS Peyor =
Q(a) = 2r)~2 fF>exp(—x?/2)dx, where 0> = E,/kTF
and E, is the received energy per bit; for 107> uncoded bit
error rate, > = 9.55 (9.8 dB) [18]. F = 7 dB noise figure
can be obtained in CMOS [19]. Assuming bit rate (not receiver
bandwidth) b = 10 Gb/s, the received power at 1073 uncoded
bit error rate is then Peceiveda = 0> - kT F - b = —57.0 dBm.

We allocate 1.5 dB, each, for transmitter and receiver
antenna losses, and a further 1.5 dB, each, for transmitter
and receiver packaging losses, giving a total of 6-dB antenna
and packaging losses. The transmitter array’s total radiated
power would be Pyaps = —57 dBm + 57.5 dB 4+ 6 dB =
6.5 dBm if the transmitter were to radiate a single beam.
However, to simultaneously transmit 16 such signal beams,
the transmitter output power must be increased by 16:1, i.e.,
by 12 dB. This brings the total transmitter array output power,
power combined over 32 RF channels, to 18.5 dBm. The
output power per PA is 32:1 (15 dB) smaller than this,
i.e., 3.5 dBm.

The time-average RF output power per PA in the 32-element
transmitter array is 3.5 dBm. Under the MIMO operation [11]
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TABLE 11

LINK POWER-LEVEL CALCULATIONS
parameter symbol value
receiver noise figure F 7 dB
energy/bit for 1073 error rate a? 9.8 dB
data rate b 10 Gb/s
receiver sensitivity a?-kTF-b |-57.0dBm
path loss Preceiver/Ptransmitter 57.5dB
antenna and packaging losses -- 6.0 dB
number transmitted beams Npeam 16 (12 dB)
total array output power Piransmitter 18.5 dBm
number transmitter channels Niransmitter 32 (15dB)
output power per RF channel | Pyans. 1 channet  |3-5 dBm
power amplifier back off Pt chamet / Pruras |0 dB
total operating margins -- 10 dB
power amplifier 1 dB point Pigp 18.5 dBm

with the system’s parameters assumed above, the PA 1-dB gain
compression points must be 5 dB above the average operating
power. Furthermore, we target 10-dB operating margins for
end-of-life degradation, manufacturing variations, and partial
beam blockage. With this PA back off and system operating
margins, each PA in the transmitter array should have P4 =
18.5 dBm. Table II summarizes the power-level calculation.

The corresponding saturated output power might be 3—4 dB
greater than this. CMOS technologies [20], [21] can,
at 135 GHz, produce output power approaching these design
targets; the power levels are readily produced, at high effi-
ciency, using an InP HBT [22] PA driven by a CMOS
transmitter (frequency upconversion) IC [3].

Other MIMO transceiver design requirements, including
analog-to-digital converter (ADC) resolution, RF/IF and ana-
log component 1-dB gain compression points, phase noise,
and digital beamformer design, are addressed in [11]-[14] and
[23].

III. SINGLE-CHANNEL TRANSMITTER MODULE

To evaluate the antenna, the IC-package interconnects,
and the PA heatsinking, a single-channel transmitter [9] was
designed and constructed. This transmitter has an upconversion
IC, in GlobalFoundries 22-nm silicon on insulator (SOI)
CMOS, with 2.8-dBm saturated output power and 16-GHz 3-
dB modulation bandwidth [3]. The CMOS IC is bonded to an
LTCC carrier using 50-um-diameter copper pillars of 30 gm
height. The CMOS IC output drives an InP HBT PA having
17-dBm P 4 with 9.7% associated PAE (20.5-dBm Pg,) [22].
The InP PA is attached to the carrier using silver-filled epoxy
(84-1LMISNB), while its input, output, and power supplies
are connected to the carrier using 18-um-diameter Au wire
bonds. The PA output is connected to an eight-element series-
fed microstrip patch antenna on the same carrier [Fig. 4(a)].

A. Ceramic Carrier Design

Low carrier permittivity reduces skin-effect and dielectric
mode losses in transmission lines and antennas. The carrier
should provide narrow (<50 xm) conductors and spaces, both
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(®)

Fig. 4. D-band single-channel transmitter module: (a) micrographs and
(b) schematic cross section.

for fine antenna features, so that the many low-frequency con-
nections to the CMOS IC fit within the 0.651 element pitch.
The carrier is Kyocera GL771 LTCC, with three dielectric
layers, each with ¢, = 5.2 and 6 = 0.003, and four metal
layers. The minimum trace widths and spacings are 50 um,
and the minimum via diameter is 50 xm. The top metal layer
(MET3) forms the antenna and microstrip signal lines routing
the mm-wave, I/Q baseband, and local oscillator (LO) refer-
ence signals. MET2 and METO serve as ground planes, while
MET]1 routes supply and bias voltages. Because the amplifier
output power decreases as it heats, many copper-filled vias
were placed in the LTCC below the InP IC to conduct heat
from it to the metal carrier below [Fig. 4(b)].

B. IC Mounting to the LTCC Carrier

A ceramic coat, with 75-um openings at the copper pillar
locations, prevents the solder dome on the copper pillar from
excessively wicking away during solder bonding. Neverthe-
less, given the minimum 75-um ceramic coat openings, for
reliable bonding, additional solder on pad (SOP) was added to
the ceramic carrier. The IC-package interconnect has a <1-dB
measured transition loss, including the copper pillar and a
200-um-length on-carrier trace [24].

Gold wire bonds provide dc and 135-GHz connections to the
InP PAs. The bond parasitics reduce the PA gain and the power
it delivers to the antenna. To minimize loss, we considered
either mounting the PA within a cavity [Fig. 5(a)] or on the
LTCC top surface [Fig. 5(b)]. While cavity mounting avoids
the 76-um bond wire height difference associated with the
thickness of the InP die, the £150-um lateral tolerance in
the cavity dimensions increases the necessary lateral distance
spanned by the wire bond. Surface mounting allows a shorter
bond and hence was selected. The minimum wire bond length
is set by the PA die thickness and by the amount of lateral
extrusion of the die-attach epoxy from under the IC.

C. CMOS to InP PA Transition

The InP PA input and output ports are connected using
450-pm-length Au wire bonds of 18 xm diameter [Fig. 6(a)].
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Fig. 6. CMOS transmitter to InP transition design (a) impedance match-
ing network on HFSS. (b) Matching network Smith chart. (c) simulated
S-parameters.

Fig. 7. InP-LTCC transition and PA ground return current path.

Fig. 6(b) shows the amplifier input impedance, including
the wire bond, at various points on the carrier. A network
[Fig. 6(a)] on the LTCC carrier compensates for the wire
bonds, matching the PA input to the CMOS 50 Q output
impedance. The network has 8-GHz simulated 1-dB bandwidth
and 2.6-dB simulated insertion loss at 135 GHz [Fig. 6(c)],
including the loss from the wire bond, the ~1-mm total
interconnect length, and the CMOS copper pillars.

Though wire bonds between the InP PA and the LTCC
carrier are provided for both signal and ground, the ground
return currents are primarily carried by the through-substrate
vias on the InP IC (Fig. 7).
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impedance on Smith chart, and (c) simulated antenna gain and return loss,
inclusive of the InP-LTCC wire bonds and the matching network.
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Fig. 9. Series-fed patch antenna: measured and simulated (a) gain and return
loss versus frequency and (b) measured and simulated radiation pattern.

D. Antenna Design

The eight-element series-fed patch antenna was designed
using Ansys HFSS. The antenna elements are on the top metal
layer (M1), while M2 provides the ground plane. The antenna
input impedance is transformed to 50 € at the PA bond pad
using the wire bonds and a stepped-impedance transmission
line (Fig. 8). The simulated antenna gain, from the PA output
node, is 12 dB with 6-GHz 3-dB bandwidth [Fig. 8(c)] and
—15-dB simulated return loss (Si;). The antenna bandwidth
could be increased by adding slots to each patch [25] and
by replacing the series feed network with a corporate feed
network.

The radiation pattern for antenna test structure [24] (without
input wire bond) was measured using a D-band signal source
delivered through a wafer probe, with the radiation captured by
a horn antenna on a rotation stage, this connected to a spectrum
analyzer with external harmonic mixer. The antenna has 11-dB
measured gain and 6-GHz 3-dB bandwidth [Fig. 9(a)]. The
measured antenna gain is 1 dB below simulation, while the
measured return loss (S77) is —12 dB. The antenna has 12°
E-plane and 70° H-plane 3-dB beam widths [Fig. 9(b)], while
the sidelobes are suppressed by 12 dB.

E. Single-Channel Transmitter Gain, EIRP, and Patterns

The module conversion gain and the modulation bandwidth
were measured with a 135-GHz LO, with a 15-GHz external
signal source with 0-dBm power driving the on-wafer 9x
frequency multiplier, while the baseband (I or Q) signal
swept from 100 MHz to 10 GHz. The modulation sidebands
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Fig. 10. Single-channel transmitter module (a) measurement setup, (b) mod-
ule frequency response, (¢) Poy versus Py, and (d) module radiation pattern
in the E- and H-planes.

were captured using a horn antenna and D-band harmonic
mixer and spectrum analyzer calibrated against a power meter
[Fig. 10(a)]. The module has a 6-GHz 3-dB modulation band-
width [Fig. 10(b)]. The overall module bandwidth is limited by
that of the antenna (6 GHz at —3 dB), the CMOS IC (16 GHz
at —3 dB), the InP PA (43 GHz at —3 dB), the CMOS-InP
transition (>10 GHz at —3 dB), and the InP-antenna transition
(8 GHz at —1 dB).

The measured single sideband (SSB) conversion gain is
36 dB. The saturated EIRP, measured with a 135-GHz LO
and a 100-MHz baseband signal swept from —26 to 6 dBm,
is 27.5 dBm [Fig. 10(c)].

The measured PA Py, is 20 dBm [22], while the antenna
gain is 11 dB (Fig. 9). The measured EIRP is less than the
anticipated 31 dBm in part because of the wire-bond losses,
and the CMOS IC output power is insufficient to drive the PA
into saturation. Despite this, 27.5 dBm is the highest reported
EIRP from a single-channel D-band transmitter. Fig. 10(d)
shows the measured far-field radiation patterns. The module
consumes 760 mW, with 200 mW from the CMOS and
560 mW from the InP IC.

FE. Single-Channel Transmitter Modulation Performance

Modulation performance of the single-channel transmitter
was then characterized using an arbitrary waveform gen-
erator (AWG) for the transmitter input signals and moni-
toring the module output at a 15-cm propagation distance
using a horn antenna, a D-band fundamental mixer for fre-
quency downconversion, and a digital storage oscilloscope
(DSO) for signal acquisition. The AWG generated QPSK,
16 quadratic-amplitude modulation (QAM), and 64 QAM
constellations modulating a 4-GHz IF. The transmitter module
then upconverts this modulated signal to a 134-GHz carrier.
The D-band fundamental mixer downconverts the received
signal to a 4-GHz IF. The DSO demodulates the received
signal and, after adaptive equalization, displays (Table III)
the modulation constellation and computes the error vector
magnitude (EVM). Stated EVM magnitudes are referenced to
the constellation’s rms amplitude. Under 5-Gbaud, 64 QAM
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Fig. 11.

Eight-channel 135-GHz MIMO hub transmitter array tile module: (a) photograph of the overall module; (b) cross-sectional diagram showing the

interface PCBs, the LTCC carrier, connectors, and ICs; and (c) photograph of the LTCC carrier showing the antennas and CMOS and InP ICs. The overall
module is 450 mm x 15 mm, while the LTCC carrier is approximately 12 mm x 33 mm. To fit on the page, the figure shows the array with its long axis
oriented horizontally; in installation, the long axis, and the individual antennas, would be oriented vertically.

TABLE III

TRANSMITTER MODULE MEASURED MODULATION
CONSTELLATIONS AND COMPUTED EVMS

EIRP=24 dBm/ 3 dB Back off from P,

QPSK (1GBaud) 16QAM(1GBaud) 64QAM(1GBaud)
™ ®» @ % ® %@ QReetasn
® ¥ & @
® ® @ @

& & 3 & & ® k
5.4% (RMS) 6.8% (RMS) 6.5% (RMS)
EIRP=21 dBm/ 6 dB Back off from P,
QPSK (5GBaud) 16QAM(5GBaud)
& *® ¥ @ v
® & B §
) 5 @ 8 2 °
- w e § & 43544
7.69% (RMS) 8.4% (RMS) 8.5% (RMS)

modulation (30 Gb/s), the module shows 8.5% rms EVM at
21.5-dBm EIRP. Synthesizer phase noise may contribute to the
observed EVM.

IV. EIGHT-CHANNEL MIMO TRANSMITTER
TILE MODULE

The eight-channel MIMO transmitter tile module (Fig. 11)
contains a Kyocera GL771 LTCC carrier with eight transmitter
channels, each having a linear microstrip patch antenna array,
a CMOS transmitter IC [3], and an InP HBT PA IC [22],
plus two PCBs providing baseband signal and dc connections.
Fig. 11(a) shows the photographs of the full module and the
assembled LTCC carrier, Fig. 11(b) shows a module cross
section, and Fig. 11(c) shows an image of the LTCC carrier
with mounted InP and CMOS ICs.

The 15-GHz LO reference and IQ baseband signals are
routed on M1 and dc supplies and bias lines on M3. The
fine 50-um LTCC lithographic resolution allows a 1.31 pitch
between ICs on each side of the array, hence a small 0.651
antenna pitch, which allows for a wide horizontal angular field
of view. The simulated antenna array, including the wire bond
transitions at the InP PA output, shows 22-dB directivity and
20.5-dB realized gain (Fig. 12).

20 3 E
b Directivity (dB)
Gain (dB)

Directivity or Gain (dB)

—
-90 -60 -30 0 30 60 90
Angle from Broadside (degree)

Fig. 12.  Simulated directivity and gain for the eight-channel MIMO tile
antenna array, with angle varied in the horizontal plane.

A. Transmitter Module/Tile Integration

PCBs on the array’s two sides provide dc, baseband IQ sig-
nals, and 15-GHz LO reference connections. To tile modules
into larger arrays (Fig. 1) without unequal spacings between
antennas, the PCB must have the same width (11.6 mm)
as the LTCC carrier. On this prototype, the PCB width is
15 mm and, hence, would have larger antenna spacings at the
module boundaries than within a module. This will introduce
radiation pattern grating lobes. Even at 15 mm, it is difficult
to route all the signals within the PCB width. The PCB has
five layers of Tachyon 3133 dielectric (¢, = 3.29 and 6 =
0.003) and 75-um lithographic resolution. IQ baseband and
the 15-GHz LO reference signals are routed in stripline or as
grounded coplanar waveguide (CPW) in the top metal lane.
The LO reference has a dc-to-65-GHz Rosenberger 18S102-
40ml5 coaxial connector and drives four CMOS ICs through a
4:1 splitter (Fig. 13) on the PCB having only 0.8-dB simulated
excess insertion loss; given the 6-dB loss associated with 4:1
power distribution, the 0.8-dB excess loss, and a ~0-dBm
CMOS LO drive power requirement, the simulated LO drive
power requirement is 3 dBm. The four differential I/Q signals
on each array side are connected by a compact Samtec EHF
PCB connector. This limits the IQ bandwidth to ~1 GHz.
A new PCB in design uses the Rosenberger 18S102-40ml5 for
both LO and IQ baseband connections; the PCB must then be
either longer or wider. Each board has a multipin dc connector.
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Fig. 13.  Design of the LO reference signal splitter on the PCB: (a) splitter
schematic, (b) geometry, and (c) simulated insertion loss and input reflection
coefficient.
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Fig. 14. Measured 135-GHz EIRP versus baseband input power for the four
transmitter channels on (a) left and (b) right sides of the module. Because
of assembly difficulties, two of the eight channels have low gain and output
power.

The LTCC interposer and two PCBs are bonded to a
Ni/Au-plated copper bar (Fig. 11), using a conductive adhe-
sive. The bar mechanically supports the LTCC and PCB,
connects their ground planes, and removes heat. Aluminum
wire bonds connect the PCBs to the LTCC carrier. Supplies
are bypassed by MIM capacitors on the LTCC carrier and
surface-mount capacitors on the PCB.

B. Transmitter Tile Characterization

Fig. 14 shows the EIRP versus input power for each transmit
module channel. Because of assembly difficulties, two of the
eight channels have very low gain, and two other channels
have EIRP well below 27.5 dBm measured independently on
a single-channel test structure [Fig. 10(c)].

C. Transmitter Array Calibration and Beamforming

The MIMO transmitter tile is designed for use with digital
beamforming [13]. For prototype testing, a PC running MAT-
LAB generates each channel’s baseband transmitted signal and
sends this to a field-programmable gate array (FPGA) evalu-
ation kit (ZCU-111). From these signals, the FPGA generates
modulated signals at a 1-GHz IF. External 1Q demodulators
(ADI LTC5594) then convert the 1-GHz IF FPGA outputs
to IQ baseband (Fig. 15). The required sixteen baseband
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Fig. 15. Experimental configuration for transmitter array characterization.

(a) Actual setup. (b) Simplified drawing for the setup. The eight FPGA DACs
each generate modulated data on a 1-GHz IF and eight IQ downconverters
generate 1Q signals that drive the transmitter array.

differential 1Q signals are thus generated by an FPGA having
only eight digital-to-analog converters (DACs). A commercial-
off-the-shelf test receiver, mounted on a rotation stage 15 cm
from the array, downconverts the signal to a 1-GHz IF, and an
ADC on the FPGA captures this signal.

To form and aim beams, the array must be calibrated, i.e.,
differences between channel gains and phases are measured
and then corrected for. Given the strong differences between
channel gains (Fig. 14), only phase errors were calibrated.
Device drivers and calibration procedures were adapted from
Pi-Radio open-source code [26]. These first measure, with the
test receiver in place, the per-channel fractional timing offsets
of the modulating data streams and the channel-channel varia-
tions in the LO phase. In beamforming and data transmission
experiments, the resulting calibration factors are applied to the
transmitter waveforms prior to being sent to the DACs.

Having calibrated the array, the drive signals to the eight
channels were then set to direct a continuous-wave (CW)
signal to broadside [Fig. 16(a)], and the horn antenna then
rotated to measure the radiated power density as a function of
angle in the H-plane. The 38.5-dBm peak EIRP is a record
for an array in D-band. From the single-channel EIRP and
the number of channels, the EIRP should be 45 dBm at Pyy;
the disparity is due to assembly yield. Fig. 16(b) shows the
array of radiation patterns as the beam is steered; at larger scan
angles, the beam pattern degrades. The measured beamwidth
is larger than that simulated (Fig. 12); both these disparities
arise because only four of the eight transmit channels function

properly.
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Fig. 16. Measured transmitter array EIRP (a) measured at saturation, as a
function of angle of radiation, with the array aimed at broadside, and angle
of radiation in the H-plane. (b) Measured beam patterns with the array aimed
at 5°, 3°, 0°, —3°, and —5° scan angles.

TABLE IV

TRANSMITTER TILE MODULE MEASURED MODULATION
CONSTELLATIONS AND COMPUTED EVMSs

EIRP=35 dBm/ 3 dB Back off from Pg,,

QPSK (150 Mb/s)  16QAM (300 MbJs)
& « ¥ B
’ B ow * »

-23 dB EVM (RMS) @ -20.5 dB EVM (RMS)

QPSK (1.34 Gb/s) 16QAM (1.92 Gb/s)

L

a0

TR o

-13.5dB EVM (RMS)  -13dB EVM (RMS)

Table IV shows the results of modulation experiments.
The data are transmitted using orthogonal Frequency division
multiplexing (OFDM), with 960-kHz subcarrier spacing. The
constellation diagrams show the demodulated signal after
performing frequency-domain OFDM equalization. The pilot
density is approximately 20%. In single-beam operation, there
is —13.5-dB rms EVM in 1.34-Gb/s QPSK transmission
and —13-dB EVM in 1.92-Gb/s 16 QAM transmission. The
average output EIRP during these measurements was 35 dBm.

Fig. 17 shows the EVM as a function of data rate. Data
rates are limited both by the FPGA sample rate and by
the bandwidth of baseband IQ signal connectors; without
these limits, the single-channel module operated to 5 GBaud
at 64 QAM (as shown in Table III).

The FPGA was then programmed to generate two simul-
taneous steerable beams, aimed at angles of —8° and +3°,
each carrying a QPSK-modulated signal with 34-dBm peak
measured EIRP per beam. In this measurement, an FPGA
(ZCU-111) generates drive signals to the eight transmitter
array channels, with signals corresponding to two simultane-
ously transmitted beams, carrying two different data streams,
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Fig. 17. Computed EVM, in dB relative to the constellation’s rms amplitude,
as a function of data rate.
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Fig. 18. Measurement of the array simultaneously transmitting two signal
beams, the graph shows the power (EIRP) in each of the two signal beams
as a function of the angle of radiation.

radiated in two different directions. The signal from the test
receiver, as shown in Fig. 15, is downconverted to an IF
and connected to one of the input (ADC) channels of the
FPGA. The FPGA demodulates this received IF signal and
then correlates it against the two different known transmitted
data streams. In this manner, as the position of the test
receiver is changed, the strength of each of the two radiated
signals can be measured as a function of radiation direction.
Fig. 18 shows the resulting measured radiation pattern in two-
beam operation.

V. CONCLUSION AND COMPARISON

We have demonstrated 135-GHz eight-element MIMO
transmitter array tile modules. The module is designed for
use in sets to form 32-element or larger MIMO horizontal
linear arrays and is designed for use with digital beamforming.
A single-channel transmitter module, using a CMOS upconver-
sion IC, an InP HBT PA, and a microstrip patch antenna array
on a Kyocera LTCC substrate ceramic interposer, has a record
EIRP of 27.5 dBm and can support up to 30-Gb/s transmission
using 64 QAM. The data rate is limited by bandwidth of the
antenna and the matching network that compensates for wire-
bond parasitics.

With an eight-channel MIMO transmitter hub array tile
module, record 38.5-dBm EIRP, data transmission, beam
steering, and two-beam operation have been demonstrated.
The present results, both beam steering angle and EIRP,
are limited by assembly difficulties; had each of the eight
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TABLE V
COMPARISON WITH STATE-OF-THE-ART D-BAND TRANSMITTERS
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[2] Abu-Surra [6] Singh [7]1S.Li [27] Hamani = [28] Townly [29] Sawaby This Work
ICC2021 RFIC2020 IMS2021 RFIC2021 CICC2020 RFIC2020
Freq (GHz) 140 115-155 140 148 113 135 135
135-170
IC Tech. 45nm SOI 0.13um SiGe 45nm SOI 45nm SOI 28nm CMOS = 0.13um SiGe 22FD-SOI + InP HBT
Package PCB Radio on Quartz PCB PCB PCB + Lens LTCC Interposer
Tech Glass Superstrate
Type Multi-beam Single Single Single Single 2x2 LOS Single MIMO
MIMO? Channel beam beam Channel MIMO channel
Tx/Rx TX, RX TX, RX X TX TX, RX TX, RX TX TX tile
Number of 4,8, and 16 1 8 2 2 2 1 8
channels
Antenna Yes No Yes Yes Yes Yes Yes
Integration
Tx-Psat 2 dBm 13 dBm -- -- -- 2.5 dBm 20.5 dBm
EIRP@Psat 17-27 dBm -- 32 dBm 3.8 dBm 0 dBm 28 dBm 27.5dBm = 38.5dBm
Peak 6Gb/s 42Gb/s 16Gb/s 85Gb/s 80Gb/s 2x16Gb/s 30Gb/s 3Gb/s Tx
data rate 8Gb/s 18Gb/s
Modulation 16QAM 64QAM QPSK 64QAM 16QAM QPSK 64QAM 16QAM
Format 256QAM 64QAM
EVM NA -23dB 6.25% -- -- -- 8.5% -13.5dB
-30dB 5.5%
Link Air WR-6 Air Air Air Air Air
Distance 15m - - Scm 10cm 6cm 15cm
Pdc -- 1350mW 1900mW 600mW 470mW 432mW 760mW 6100mW

transmitter channels functioned with the same performance as
the single channel, the EIRP would have been 46 dBm. For
the transmitter tiles, the maximum data rate is limited by the
FPGA ADC/DAC sampling rate and the limited bandwidth of
the compact IQ baseband signal connector.

Table V compares state-of-the-art packaged D-band
(110-170 GHz) transmitters for single-beam and multibeam
arrays. The eight-channel transmitter module has the highest
reported EIRP among single-beam and multibeam D-band
arrays.
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