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Abstract—1In this article, a polarization-diversity technique
multiple-input multiple-output (MIMO) is demonstrated to
double the spectral efficiency of a line-of-sight quadrature
phase-shift keying (QPSK) wireless link at 220-255 GHz
with a pair of highly integrated single-chip transmitter (TX)
and receiver (RX) front-end modules in 0.13-um SiGe HBT
technology (f1/fmax = 350/550 GHz) exploiting only a low-cost
wire-bonded chip-on-board packaging solution for high-speed
baseband (BB) signals. Both TX and RX chips accommodate
two independent fundamentally operated direct-conversion
in-phase and quadrature (IQ) paths with separately tunable
on-chip multiplier-based (x16) local oscillator (LO) generation
paths driven from a single external highly stable 13.75-16-GHz
frequency synthesizer. On the RX side, a mixer-first architecture
is implemented to improve the symmetry between upper and
lower sidebands (USB and LSB) at the cost of an increased
noise figure (NF), whereas, on the TX chip, each upconversion
mixer is followed by a gain—-bandwidth (BW)-limited four-
stage power amplifier (PA) to support the link budget at
a meter distance. Next, two independent IQ data streams
from the upconversion/downconversion paths on each chip
are directed to a common lens-coupled broadband on-chip
slot antenna system. This way, two orthogonal circular
polarizations [left-handed circular polarization (LHCP) and
right-handed circular polarization (RHCP)] can be transmitted
with sufficient isolation for link operation without the need for
a high-speed depolarizer in the BB for any relative orientation
between TX and RX modules. The antenna combined with
a 9-mm diameter Si-lens provides a directivity of 23.5-27 dBi
at 210-270 GHz for each of the modules. This, along with a
peak radiated power of 7.5 dBm/ch from the TX module, and
the cascaded conversion gain (CG)/single sideband (SSB) NF
of 18/18 dB/ch for the RX module followed by a broadband ampli-
fier (PSPL5882) from Tektronix allowed successful transmission
of two independent QPSK data streams with an aggregate speed
of 110 and 80 Gb/s over 1 and 2 m, respectively, at 230 GHz with
a board-level limited channel BB bandwidth (BW) of 13.5 GHz.
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I. INTRODUCTION

N RECENT years, the demand for high data-rate wireless

links has grown exponentially. At lower carrier frequencies
with congested bandwidth (BW), high-complexity high-order
modulation is pushed to the limits to improve the speed of
current communication systems. Driven by the demands of
the future networks, the need for larger communication BW in
both indoor short-distance and outdoor large-distance point-to-
point wireless links becomes evident, thus motivating a gradual
shift of carrier frequencies toward higher mmWave band.
Carriers in the near-terahertz transmission window beyond
220 GHz with still vast available spectrum are anticipated
by the new IEEE 802.15.3d-2017 [1] standards as promising
for the realization of future 100+ Gb/s data rates [2]—[4].
The future 6G networks are envisioned to operate in this fre-
quency range with expected data rates approaching 1 Tb/s [5].
However, a straightforward increase of absolute BW with
the carrier upscaling becomes unrealistic because multiple
limitations of current semiconductor, packaging technologies
are reached, and further speed improvements become very
challenging.

The majority of the currently available radio frequency
(RF) front-end solutions for near-terahertz fully electronic
wireless communication relies on III-V semiconductors with
impressive peak fn.x exceeding 1 THz [6]-[8] but fea-
turing a low level of integration in expensive split-block
waveguide packaging with external aperture antennas [9]-[14].
Here, both short-distance and external optics-supported long-
distance links with modulation speeds of up to 96 and 100 Gb/s
have been demonstrated for 8-PSK (phase shift keying) and
16-QAM (quadrature amplitude modulation) modulation for-
mats, respectively [9], [10].

Contrary to III-V solutions, silicon technologies promise
high integration levels, including future digitally assisted base-
band (BB) processors. Still, the circuit performance deterio-
rates at an accelerated speed while operating above 200 GHz
due to a limited device gain—-BW product and an increased
noise figure (NF) in close proximity of f/fmax. This leads to
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not only poor power efficiency and tight link budget but also
results in a very limited scaling of the BW with the carrier
frequency increase and a considerable asymmetry between
lower and upper sidebands (LSB and USB) [15], [16]. Such
deficiencies become particularly pronounced for CMOS tech-
nologies [17], [18], where fundamentally operated architec-
tures are not readily available, and massive power combining
needs to be applied for any reasonable transmitted power
levels [19]-[24]. Although SiGe HBT devices potentially
promise a relaxed link budget [25]-[27] for transceiver
operation near 200 GHz and above, the so far reported
SiGe-based wireless experiments have been predominantly
performed in a low cm-range distance and/or under wafer-
probing conditions without packaging [19]-[24], [28]-[31].
Here, on-chip integration of antenna elements, although chal-
lenging for silicon technologies, shows an underestimated
benefit in terms of considerably reduced packaging costs for
terahertz-signal escape [15], [24], [28], [30], [32]-[35]. In this
article, a low-cost wire-bond chip-on-board (COB) packaging
in combination with a silicon lens-integrated on-chip antenna
was applied to demonstrate a 1-m distance wireless transmis-
sion at 220-260 GHz for two independent direct-conversion
quadrature transceivers in 0.13-xm SiGe HBT with the highest
modulation format of 64 QAM [36]-[39] and the peak data
rate of 100 Gb/s for 16 QAM [15], [40].

Independently of the semiconductor technology in use,
speeds of 100 Gb/s and above can be approached by increasing
either the modulation order or the modulation BW. With an
increase of the modulation format, the requested modulation
BW is lower, but the tolerable aggregate level of static and
BW-related impairments also shrinks very quickly, becoming
unrealistic at near-terahertz frequencies considering the fea-
sible link budget constraints. In particular, a realistic phase
error in the local oscillator (LO) generation path, scaling
not only with carrier frequency but also with modulation
BW [39], [41], [42], may prevent any higher modulation for-
mat for a fully electronic transceiver. Furthermore, for effec-
tive implementation of higher order modulation, a sufficient
digital-to-analog and analog-to-digital converter (DAC/ADC)
resolution needs to be provided at the sampling speed as high
as twice the baud rate. A 6-bit effective resolution is typi-
cally needed for pulsed-amplitude modulation (PAM4), which
becomes extremely challenging to achieve with 104+ GHz BW
due to the limited dynamic accuracy and challenging sub-ps
timing control [43].

Contrary to that, a high-speed quadrature phase-shift keying
(QPSK) requires only a 1-bit digital-to-analog (D/A) interface
and can potentially be operated up to the baud rate [43], there-
fore considerably relaxing the speed and linearity requirements
of D/A interface. The penalty to pay for that is an increase
of effective channel BW, which may be equally limited by
bandpass response of RF blocks as well as low-pass (LP)
characteristics of high-speed packages in the BB path. Despite
the larger requested BW, a high data-rate operation may be
easier to achieve due to the relaxed linearity and phase error
tolerance.

Considering that both methods of approaching the tar-
geted 100+ Gb/s speed by increasing either modulation

3835

order or modulation BW at near-terahertz carrier frequen-
cies face multiple challenges related to practical hardware
limitations, two additional techniques can be further inves-
tigated to increase a total aggregate modulation speed.
These are spatial/polarization orthogonality and channel bond-
ing; both, although commonly applied at lower operation
frequencies [44]-[48], have not been extensively exploited
in prior work on broadband communication at near-terahertz
carrier frequencies. Polarization diversity with two linearly
polarized on-chip antennas was demonstrated for a 220-GHz
amplitude shift keying (ASK) transmitter (TX) to increase
a total data rate to 24.4 Gb/s over a 10-cm distance [28].
The use of linear polarization, however, requires accurate
relative polarization alignment between TX and receiver (RX)
for sufficient leakage suppression between two transmission
paths. Such a setup becomes impractical in real application
scenarios and requires the use of a depolarizer circuit in
the BB [47], the implementation of which at 100+ Gb/s
speeds may become challenging if not impossible. Contrary
to that, simultaneous transmission of two circularly polarized
orthogonal waves can potentially be applied to increase the
link spectral efficiency for any relative orientation between TX
and RX and without the use of a high-speed BB depolarizer
under the provision that sufficient isolation between two
adjacent transmission paths in the entire modulation BW can
be achieved.

This article demonstrates the feasibility of doubling
the spectral efficiency of a line-of-sight QPSK wireless
link by applying polarization orthogonality to a pair of
highly integrated fundamentally operated direct-conversion in-
phase and quadrature (IQ) modules with a tunable carrier
of 220-255 GHz. Both TX and RX modules are implemented
as single-chip solutions in 0.13-xm SiGe HBT technology in
combination with a wire-bonded COB packaging for high-
speed BB signaling and an on-chip radiator interface to free
space. Each of the TX and RX chips accommodates two inde-
pendent upconversion/downconversion channels connected to
a single silicon lens-coupled on-chip antenna supporting
two orthogonal circular polarizations—right-handed circular
polarization (RHCP) and left-handed circular polarizations
(LHCP)—with sufficient isolation to implement a polarization-
diversity multiple-input multiple-output (MIMO) over large
modulation BW. The chipset in combination with a 9-mm
diameter hyperhemispherical Si-lens, providing a directivity
of 23.5-27 dBi at 210-270 GHz for each of the mod-
ules, successfully demonstrates a simultaneous transmission
of two independent QPSK data streams, 55 Gb/s each, over
a 1-m line-of-sight distance with an error vector magnitude
(EVM) of 31.9% under a board-level limited channel BB BW
of 13.5 GHz.

This article is organized as follows. Section II presents a
top-level system description and an analysis of the influence
of the polarization leakage on the link quality, measured as bit
error rate (BER)/EVM. Section III describes the implementa-
tion details for all relevant functional blocks in the transmit
and receive paths. In Section IV, relevant RF measurements
for the dual-polarization (DP) TX and RX front-end modules
operating individually and in a back-to-back configuration are
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Fig. 1.

Top-level architecture of the DP TX and RX modules in a back-to-back wireless configuration with the indicated two orthogonal transmission paths

(RHCP and LHCP). Two major sources of finite isolation between both paths are also sketched. These are the antenna XPD and a direct leakage between the

antenna RHCP and LHCP driving ports on each of the TX and RX modules.
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Fig. 2. Chip micrographs of (a) TX and (b) RX.

presented. Section V demonstrates the MIMO operation of the
wireless link. Finally, conclusions are drawn in Section VI.

II. TopP-LEVEL ARCHITECTURE OF TX AND RX

A top-level block diagram of the DP TX and RX modules
in a back-to-back link configuration is shown in Fig. 1. Both
TX and RX chips consist of two independent transmit/receive
paths, respectively, placed side-by-side, as shown in Fig. 2.
A circularly polarized on-chip antenna system combines the
modulated data from both paths on each chip with two input
ports supporting orthogonal, RHCP and LHCP, polarizations.
Each of the TX/RX channels represents a circuit architecture
topologically similar to our previous work [15], [40] featuring
an externally driven x16 multiplier chain in the LO gen-
eration path and a mixer-first arrangement on the RX side

for improved symmetry between USB and LSB. In the cur-
rent chip implementation, both channels possess separate LO
paths, which allows the investigation of the on-chip leakage
mechanisms between them, as will be explained in Section III.
The antenna is an extension of our previous implementation in
the 240-GHz frequency-modulated continuous-wave (FMCW)
radar [32], [33], [49], [50], wherein a large instantaneous
fractional BW was not required. The primary radiator is an
annular slot with two pairs of orthogonal feeds providing
polarization diversity, which, in combination with a quadrature
hybrid driving those feeds, supports two orthogonal circularly
polarized waves (see Figs. 1 and 2). The antenna is coupled to
a silicon hyperhemispherical lens to minimize the influence of
substrate modes in a silicon chip and to increase the antenna
directivity.

For the maximum data rate in the overall polarization-
diversity MIMO system, the hardware impairments inherent to
each of two transmission channels as well as isolation between
them need to be carefully considered. The coupling between
two orthogonal data streams takes place predominantly on
the antenna level. Here, the aggregate isolation is determined
by two main factors on each side of the link: 1) direct
leakage between two antenna driving ports and 2) antenna
cross-polarization level (XPD), as indicated with dotted lines
in Fig. 1. For the circularly polarized waves, the XPD in dB
can be expressed in terms of axial ratio (AR) [51], [52] as

AR+ 1
AR -1

In a back-to-back wireless link, the cross-polarization-
incurred isolation is a function of the RF frequency and the rel-
ative alignment between the major and the minor polarization
axis on both sides. In the worst case scenario, it is a twofold
value of XPD under the assumption of equal polarization
purity for both RHCP and LHCP on both ends of the link.
A direct leakage between the RHCP and LHCP driving ports
of the antenna system, in particular, in the presence of substan-
tial impedance mismatch between the antenna and the circuit

XPD (dB) = 2Olog10( (D
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blocks, may further lead to parasitic transmission/reception at
the complementary polarization. The overall isolation is the
primary design requirement and needs to be provided over the
entire RF BW and for any relative orientation between TX
and RX modules.

On top of the regularly considered figures of merit, such as
output power, NF, or IQ imbalance, the major performance-
limiting imperfections of each single-polarization channel,
separately, further include: 1) nonidealities in the LO gener-
ation path such as near-carrier and far-out phase noise with
implementation-specific harmonic spurs and 2) BW-limited
LP BB and bandpass RF response limitations with frequency-
dependent amplitude and group delay distortions.

The EVM will be used as a standard and a modulation
format-independent metric of the link quality [53], [54]. The
contribution of the above-listed system-level impairments will
be added in an aggregate EVM [55], assuming that they are
statistically independent. Under the assumption of the XPD
with a white frequency distribution in the operation BW [56],
the cross-polarization-incurred isolation will set the minimum
EVM in the absence of other link impairments, limiting the
maximum modulation order of the system.

III. BLOCK-LEVEL DESCRIPTION OF
DP TX AND RX MODULES

In this section, the implementation details for all relevant
functional blocks in the transmit and receive paths are pre-
sented, particularly addressing design aspects that stay in
direct relation to the top-level link imperfections described
in Section II. As the primary topic of this article is on the
MIMO operation, the design details related to each separate
transmission path with its inherent impairments will be treated
briefly and with the main focus on the characterization results.

A. Circuit-Level Description of the Single-Polarization Path

Due to the large instantaneous BW required for 100+ Gb/s
data rates, the influence of both the RF bandpass response
and the LP characteristics of high-speed BB interface for
both transmit and receive paths needs to be traded against
each other resulting in some specific choice of transceiver
architecture. Both of them set the effective BW of a complete
link in a back-to-back configuration (TXpp-to-RXpp) and,
in combination with a suitable packaging solution, need to
provide both the minimum frequency-dispersion (amplitude
and group delay) high-speed BB signaling and the high-
fidelity, low-loss interface to free space at a near-terahertz
carrier frequency. Considering the practical package-level BW
limitations, as discussed in Section III-B, a direct-conversion
IQ transceiver architecture is beneficial compared with a
heterodyne intermediate frequency (IF) topology, wherein a
large modulation BW needs to be accommodated on top of
an IF frequency, not only for the analog part but also for
the ADC/DAC and digital signal processing (DSP) blocks
that, additionally, should preserve the phase information of
bandpass-modulated signals. This benefit, however, comes at
the cost of some other challenges, which may considerably
influence the performance of a single transmission channel.
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Fig. 3.
downconversion mixer, including the BB amplifier. The emitter area for each
of Q1-QI12 is 2 x (1 x 0.1) xm?. One side of the differential outputs is
terminated to facilitate a single-ended operation with the limited measurement
equipment.

Circuit-level schematic of the double-balanced 1Q switching-quad

One of the most, if not the most, important is the necessity
of 1Q operation at RF frequency [15], [16], which is removed
with an IF architecture. It leads to potentially substantial
leakage between I and Q channels that may dominate other
impairments and limit the achievable data rates despite a
sufficient arbitrary white Gaussian noise-defined (AWGN)
signal-to-noise ratio (SNR). This issue is related to a double-
sideband quadrature upconversion/downconversion in the RF
path and is a direct consequence of insufficient symmetry
between USB and LSB (amplitude and phase) in both TX
and RX blocks over large instantaneous modulation BW [15].

1) Downconversion and Upconversion Paths: On the RX
side, a mixer-first architecture [15], [40] is implemented to
improve the symmetry between USB and LSB, which was
found insufficient in our previous amplifier-first RX [36]-[39]
due to the limited device gain-BW product in the amplifi-
cation stages [15], [40], [57]. This comes at the 2-dB noise
degradation. A double-balanced fundamentally operated 1Q
switching quad topology (Q1-Q8) followed by a differential
amplification stage (Q9-Q12) in the BB path matched to
2 x 50 Q is implemented for broadband operation in the
entire LO range of 220-260 GHz, as shown in Fig. 3. For
simultaneous optimization of conversion gain (CG) and NF,
the mixer is biased at low current and driven with 4-5-dBm
LO power through a broadband quadrature coupler, i.e., the
same one used in the antenna system (see Section III-C).
The internal nodes shared by the mixer and the amplifier
stage set a compromise between CG, NF, and BB BW while
neglecting package-related BW constraints. For further details
on the mixer design, please refer to [40]. The simulated RF/LO
3-dB BW is 47 GHz. Due to BW limitations of the wire-bond
COB packaging solution, the RX 3-dB BB BW is limited
to around 14 GHz (see Sections III-B and IV-B) with a
simulated in-band group delay variation of +10 ps, dominated
by the compensating onboard filter at the BB pads [40]. The
downconversion stage dissipates 70 mW.
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Fig. 4. Circuit-level schematic of the double-balanced 1Q Gilbert-cell
upconversion mixer. The emitter areas for Q1-Q8, Q9-Q12, and Q13-Q18 are
1 x (1x0.1) um?, 2 x (1 x0.1) um?, and 4 x (1 x 0.1) um?, respectively.
One side of the differential BB inputs is terminated to facilitate a single-ended
operation with the limited measurement equipment.

Opposed to the RX chip, each upconversion mixer is
followed by a gain—-BW-limited differential four-stage cas-
code power amplifier (PA). This topology is similar to [58]
and supports a link budget for a meter distance. How-
ever, this PA generates LSB/USB asymmetry. As the PA
block is not tunable, the asymmetry shows an LO fre-
quency dependence. Here, a classical double-balanced fun-
damentally operated IQ Gilbert-cell mixer (see Fig. 4)
is implemented. Similar to the RX, it is switched with
4-5-dBm LO power through a quadrature coupler. The
high-speed IQ BB signals are provided to the mixing
core (Q1-Q8) from the board level through the buffered
(2 x 50 Q) differential transconductance stages (Q9—Q10 and
QI11-12) and are subject to the same package-level BW
limitations as the RX block, with a simulated 3-dB RF/LO
BW of 35 GHz centered at 235 GHz. A group delay variation
in the TX RF path is dominated by the PA and was simulated
to be 75 ps with a variation of £7 ps in the operating BW. This
PA presents a simulated small-signal gain of 12.5 dB, a BW
of 30 GHz centered at 240 GHz, and a saturated output power
of 9.5 dBm. The upconversion stage and the PA dissipate
140 and 450 mW, respectively.

Due to the limitations in the number of available lab
equipment quantity to simultaneously drive four high-speed
differential BB signals on each link side, the RX BB outputs
(Q9-Q12) and TX inputs (Q13-Q16) needed to be operated
as single-ended (terminated Q10-Q11 and Q14-Q15 on RX
and TX sides, respectively) with a degraded balance in the
output/input amplification stage resulting in a deteriorated
SNR as well as an increased frequency dispersion in the
operation BW.

2) LO Generation Path: Besides the abovementioned
frequency-dependent distortions of the effective channel BW,
the LO generation path is also prone to multiple limitations
with a direct influence on the wireless transmission although
ideal LO signal is considered a single tone and, thus, not
influenced by the BW-related distortions. As opposed to
narrowband channels at low frequencies with low near-carrier
phase noise available, the LO phase error deteriorates quickly
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not only by carrier frequency upscaling to the near-terahertz
band but also due to the influence of a broadband LO noise
floor in the LO generation path scaling nearly linear with
the modulation BW [41], [42]. To minimize this phase error
and to provide wideband LO tunability for investigation of
the frequency-dependent channel distortions, the on-chip LO
path is implemented by a tunable x 16 frequency multiplica-
tion of a high-stability external Keysight E§257D synthesizer
with an excellent single-sideband broadband noise floor of
—150 dBc/Hz at 15 GHz. The multiplication factor was chosen
as a compromise between the limited RF performance of
the wire-bond interconnection and the circuit implementation
complexity. Assuming ideal noise scaling of 20 log;o(16) =
24.1 dB by upconversion to 240 GHz, an rms phase error
of around 5° is already anticipated for a 15-GHz range BB
BW [16], [39], which sets a practical upper boundary on the
modulation format around 64-QAM.

An inherent drawback of the chosen LO generation
method with a high multiplication factor is the potential
presence of false BB replicas in a spectral distance equal to
integer multiples of an external LO drive frequency, which
is 13.75-16.25 GHz in the current implementation. For
sufficiently high data rates, these replicas alias with the main
modulation spectrum with no space for filtering at the RX
output and, therefore, should be sufficiently suppressed for
successful demodulation. The LO path, topologically similar
to that from [58], consists of an active input balun with
four cascaded double-balanced Gilbert-cell doublers followed
by a three-stage cascode PA providing around 4-5-dBm
power within 220-260 GHz to each of the IQ mixers.
Despite a double-balanced operation of the x 16 chain, some
parasitic spurious phenomena were identified, which are
related to unsatisfactory attenuation of the externally supplied
13.75-16.25-GHz LO driving signal and its harmonics trav-
eling across the chip ground plane. The first is its insufficient
isolation directly at the RX BB ports, which was measured at
a —50 to —55 dBc level and already found to influence the
quality of a 1-m distance link (80-dB path loss at 240 GHz)
for modulation BW reaching the external LO tone [15].
The other is the presence of both odd x15 and x17 and
even x 14 and x 18 harmonics around the desired x 16 spectral
line. The odd harmonic spurs are particularly harmful to
the link performance at higher modulation speed due to the
lowest spectral distance to the desired x 16 LO carrier.

In the current implementation, each chip features two inde-
pendent LO paths, driving two separate transmission channels
(see Fig. 1), which is explained in the following sections (see
Section III), and can be used to characterize the direct on-
chip leakage between two driving ports of the antenna system.
In the wireless link experiment, both LO paths are operated
at the same frequency. Each LO generation path dissipates
370 mW, and in a future redesign, they may be replaced by a
single one to reduce the power consumption.

B. Packaging

A low-cost COB packaging solution is used to provide all
dc, LO driving tone, and high-speed-modulated BB signals
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Fig. 5. (a) Cross-sectional view of the chip-on-lens assembly in the PCB
recess. (b) Photograp of the PCB with the LO and BB signal distribution,
including the LP filter for wire-bond compensation. (c) Photograph of the
completely assembled TX front-end module.

on the board level. Here, each of the TX and RX chips is
mounted on the backside of a 9-mm-diameter hyperhemispher-
ical lens made of high-resistivity silicon with the primary on-
chip radiator aligned with the lens center. The volume of a
9-mm lens provides sufficient thermal control for the chips
dissipating between 0.9 and 1.95 W. The on-chip heat is
further transported through the lens to a heat-sink attached
to the printed circuit board (PCB) bottom side. The overall
chip-on-lens assembly is placed in a recess of a regular two-
layer 0.5-mm-thick Rogers 4350 B board surrounded by a
metal plane, as shown in Fig. 5. No antireflection coating
on the lens aperture is currently provided, which has an
influence on the operation of both TX and RX modules and is
discussed in more detail in Section III-C. If desired, the overall
antenna directivity can be adjusted with no need for any on-
chip redesign, simply by changing the lens dimensions to
accommodate different link budget constraints.

Only a manual mm-length wire-bonding process was
applied to all on-chip connections. With the limited dimen-
sional control of the wire, the bonding process, altogether
with the RF connector assembly tolerance, is not only a
nonnegligible source of mismatch between all 4 I and Q BB
paths but also leads to asymmetry in each of the differentially
driven BB input/output signals. To minimize the influence
of mm-long wire bonds on the package-level BW, an eight-
section step-impedance microstrip-line LP filter, similar to that
from [40], is implemented onboard for each of the high-speed
BB signals, as indicated in Fig. 5. The filter embeds the wire
bond inductance as one of its eight constitutive elements,
reducing the influence of the asymmetry of the assembly
process in the resulting BW. A Butterworth topology was
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Fig. 6. Simulation results of a single interconnection path between the board
connector and the on-chip BB input/output pad, including the ON-board LP
filter [40].

chosen as a compromise between the 3-dB BW, group delay
flatness, and the PCB size [59]. The simulation results of
a single interconnection path between the board connector
and the on-chip BB input/output pad are shown in Fig. 6.
A 14-GHz BW with a group delay in-band variation lower
than 37.5 ps is simulated. Due to the large electrical size
of the compensated BB interconnection, the package-level
incurred group delay variation was found to dominate a
global group delay distortion of the entire back-to-back link
(TXgg-to-RXpp).

C. Antenna System

The antenna system needs to provide both low-frequency
dispersion of the digitally modulated high-speed signals as
well as sufficient isolation between both transmitted data
streams over large RF operation BW. The group delay between
the antenna driving ports and free space needs to be pre-
served to minimize the frequency dispersion, and a combined
directivity of the lens-coupled TX and RX antennas should
compensate for the frequency-increasing free-space path loss,
according to the well-known Friis transmission equation. The
isolation, as previously mentioned in Section II, is defined
mainly by the antenna axial ratio and direct leakage between
the antenna driving ports.

The complete antenna system, as shown in Figs. 7 and 8§,
comprises a cascaded connection of the wideband differential
100-Q quadrature coupler and the main radiating annular
slot illuminating a hyperhemispherical silicon lens through
the backside of a 150-um-thick silicon die with a bulk
resistivity of 50 Q- cm [49], [50]. The main radiator supports
two orthogonal linear polarizations excited by two pairs of
patch probes, P1-P2 and P3-P4, located 90° apart along the
slot circumference [32], [33] driven in quadrature from two
input ports—LHCP and RHCP—of the coupler. The antenna
is embedded in a seven-layer 12-um-thick back-end-of-line
(BEOL) stack of a silicon chip. In the following, the most
relevant implementation details for each of all constitutive
components of the antenna system will be briefly presented
in view of the abovementioned key requirements.

1) 3-dB Differential Quadrature Coupler: The coupler
directly interfaces the 1Q TX/RX circuitry (IQ1 and IQ2 in
Fig. 1) with the main radiator, and therefore, its inherent
isolation between input ports (LHCP and RHCP), phase
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)

Fig. 7. 3-D simulation models of (a) quadrature coupler with the RHCP and
LHCP driving ports, (b) complete antenna system, and (c) E-field distribution
in the BEOL stack around the slot radiator at 240 GHz for two chosen
excitation phases of the RHCP polarization advancing each other by 90°.

and amplitude imbalance between two output ports (LHCP
0°/RHCP 90° and LHCP 90°/RHCP 0°), and matching at
all four ports across the entire RF BW are essential for the
leakage between both communication channels. The coupler
exploits both broadside and edge coupling between four buried
110-um long strip conductors with the ground plane under-
neath locally removed for appropriate control of the even/odd
mode impedances to ensure maximum operation, whereas
the feed lines are implemented as 100-Q grounded coplanar
striplines (GCPS) on a thick top metal layer. As the coupler
provides both Through and Coupled output ports on the same
side for convenient connections with the circuitry and the
antenna, it results in an inherent layout asymmetry of its In/Out
areas. This asymmetry was numerically optimized to minimize
differences in performance seen from LHCP and RHCP input
ports. The coupler shows a loss of 1 dB.

2) DP Slot Radiator: The main slot radiator is driven
differentially from two orthogonal pairs of sectorial patch
probes P1-P2 and P3-P4, creating a virtual RF short along the
center plane aligned with the complementary pair [32], [33].
Any asymmetry in the differential drive altogether with
an insufficient match at the antenna internal input ports
connected to the coupler outputs may result in a degradation
of the inherent coupler isolation and the IQ balance and lead
to a direct cross-coupling between two transmission paths
within the antenna aperture, thus calling for accurate codesign
between both components. To prevent that, a maximum
layout symmetry between two antennas transmit paths
should be provided. A 680-um-long routing was added
due to a dimensional mismatch between the coupler and
the far ends of the slot circumference. This routing further
includes two tapered compact GCPS-to-microstrip transitions
(“grounded coplanar wave (GCPW)-to-u strip Converter”
in Fig. 7) and a crossing point between two antenna feed
paths. Some additional dummy crossings (“Compensated
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Fig. 8. 3-D simulation model of the packaged RF module with a silicon chip
on the backside of a 9-mm silicon lens. The lens is attached to the metalized
PCB, whereas the front-end hip sits inside a rectangular recess. A magnified
view of the on-chip antenna system is shown in the inset.

Cross”) were inserted into the complementary feed paths for
concurrent optimization with an electromagnetic (EM) solver
to minimize this unavoidable layout asymmetry.

3) Complete Antenna on Silicon Half-Space: The major
simulation results of the complete circularly polarized
antenna (slot radiator with coupler) on a silicon half-space
for 210-310 GHz indicate a broadband match better than
—26 dB for both LHCP and RHCP input driving ports with
the RHCP-to-LHCP port isolation below —22 dB. An AR
at boresight for both circular polarizations stays below 1.3.
The E-field distribution in the BEOL stack around the slot
radiator excited in RHCP polarization at 240 GHz for one
arbitrary chosen excitation phase and another one advancing
the previous by 90° is plotted in Fig. 7 for completeness,
indicating the E-field vector rotation characteristic for circular
polarization. The simulated radiation efficiency into a silicon
half-space decreases from 51% to 43% and is largely defined
by the coupler and feed line losses. An inherent radiation
efficiency of the slot radiator is around 90% [32], [33]. The
simulations were conducted assuming 2.0 x 107 S/m, 0.02,
and 50 Q - cm for metal conductivity, the dielectric loss
tangent of the BEOL stack, and the silicon bulk resistivity,
respectively.

4) Complete Antenna With Silicon Lens: According to the
packaging scheme from Section III-B, the primary on-chip
antenna system was combined with a high-resistivity hyper-
hemispherical 9-mm-diameter and 1.25-mm-extension [60]
silicon lens. In the current implementation, no matching cap
is applied to the lens aperture. For the RX module, the main
consequence is limited to an increase in its NF. However,
the influence of a missing cap may become more complicated
for the TX module. In particular, the rays reflected an odd
number of times at the lens—air aperture are prone to polar-
ization change between LHCP and the RHCP and, therefore,
can be coupled back to the antenna feed port of the adjacent
polarization and is finally retransmitted. The rays undergo an
even number of reflections preserve their original polarization
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ports and the isolation between them for the complete chip-on-lens packaged
assembly in the transmit mode of operation.

but may lead to group delay distortion if they contribute
to the main radiation lobe. Both phenomena are a com-
plex function of wave propagation through the primary-feed
on-chip antenna, its illumination pattern of the lens aperture,
and ray propagation within the lens volume [61], [62] and
were considered in the design process.

A complete chip-on-lens assembly mimicking the packaging
scheme from Section III-B was modeled and simulated (Ansoft
HESS) to investigate the influence of internal reflections at the
lens—air interface in the transmit mode of operation on key
parameters relevant for the implemented polarization-diversity
MIMO system. As shown in Fig. 9, both the simulated
input match for RHCP and LHCP driving ports as well
as isolation between them are superior to —21 dB in the
entire 210-270-GHz operation frequency range. The simulated
directivity, shown in Fig. 10, ranges between 23.8 and 25.4 dB
and is similar for both LHCP and RHCP polarizations. The
frequency-dependent AR at boresight (see Fig. 10) for both
polarizations stays in the range of 1.08-1.24 and, according
to (1), should be sufficient to support a 16-QAM modulation
format in the absence of other system impairments. The AR
was additionally verified to stay largely below 2 within the
entire main beam defined by a 10-dB taper from boresight.

The frequency dependence of a group delay incurred
between the RHCP/LHCP driving ports and free space was
further simulated for different locations in the main beam.
Some selected results for LHCP polarization at boresight and
around the beam edges (“10-dB taper”) across four character-
istic beam cross sections defined with respect to the coordinate
system from Fig. 7 are presented in Fig. 11. An average
delay of around 60 ps with a typical deviation below 6 ps at
boresight and slightly higher at the beam edges is preserved
for 210-270 GHz, correlating well with the time of flight
through the lens. The periodic-like changes in the deembedded
delay should be attributed to the lens internal reflections but
may also be partly accounted for by finite accuracy of the
meshed volume and the absorbing boundary conditions.

IV. RF CHARACTERIZATION

Two different groups of RF measurements have been
performed. The first encompasses a set of single-tone
measurements allowing separate investigation of the
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Fig. 11. Full-wave simulated group delay between the LHCP driving port and
free space for the complete chip-on-lens assembly. A group delay for different
locations in the main beam, including boresight and beam edges defined by
a 10-dB taper, is indicated. Four characteristic beam cross sections defined
with respect to the coordinate system from Fig. 7 are plotted.

frequency-dependent lower and upper sideband characteristics
for key TX/RX performance metrics. In the second,
the measurements involve a combined operation of the TX
and RX modules configured into a free-space back-to-back
line-of-sight setup. Here, both double-sideband quadrature
upconversion and downconversion are performed between the
BB TX inputs and the RX outputs, which supports a study
of the influence of different hardware imperfections acting
simultaneously in the setup mimicking a real wireless link. All
measurements have been taken in free space and at the board
level, including the influence of all onboard and on-chip com-
ponents cascaded between the onboard high-speed connector
and the lens-coupled on-chip antenna. An absorbing material
was applied to cover the major reflecting surfaces to minimize
the influence of parasitic reflections in the measurement setup.

A. Single-Tone RF Measurements of TX/RX

Each polarization path (RHCP and LHCP) for both TX
and RX modules was characterized independently with
a WR-03 (220-325 GHz) frequency extension module from
OML, whose output power in the transmit mode and CG in
the receive mode was first calibrated for further measurements.
The OML module was placed in the antenna far-field zone
(30 cm), and all key TX and RX parameters were derived
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Fig. 12. Free-space measurement setup for single-tone RF characterization
in the transmit mode of operation.

by applying the Friis transmission equation, which involves
the antenna directivity on both sides of the measurement
setup. The OML module was equipped with a reference
WR-3.4 linearly polarized conical-horn antenna with a 20-dBi
directivity at 270 GHz. The antenna was assumed to be an
ideal lossless aperture with the square frequency dependence
of its directivity for other frequency points. The linearly
polarized horn antenna of the OML module captures only a
linear projection of the circularly polarized electrical fields
generated by the on-chip antennas. Therefore, the complete
TX/RX RF characteristics were found by the superposition
of two constitutive series of measurements for two relative
azimuthal orientations around boresight between TX/RX and
OML modules that correspond to the major and the minor axis
of a general polarization ellipse [52]. The appropriate free-
space measurement setup for the transmit mode of operation
is shown in Fig. 12. A complimentary setup was applied for
RX measurements with the spectrum analyzer used to acquire
signals at the RX BB outputs.

1) Antenna Measurements: A set of antenna measurements,
including AR at boresight and copolarization radiation patterns
with the corresponding antenna directivity, was performed for
both TX and RX modules and each polarization path. Each of
the modules was mounted on a motorized 2-D rotational stage
with an additional rotational alignment in the azimuthal plane
around the boresight, as shown in Fig. 12. Here, by continuous
rotation around the boresight, the minor and major axes of the
polarization ellipse with respect to the OML module orienta-
tion corresponding to the minimum and maximum measured
power levels can be found. From the square-root ratio of these
power levels, the AR can be calculated [51], [52]. As presented
in Fig. 13, an AR of 1.05-1.31 for RHCP polarization was
measured for both TX and RX modules in the frequency
range of 210-270 GHz. Some differences between both curves
can be partly accounted for by a finite alignment accuracy
in the measurement setup and insufficient precision of the
chip-on-lens assembly. Similar values were acquired for
orthogonal LHCP polarization with a maximum deviation
between each other below 0.1 and an upper bound of 1.4,
correlating well with the simulation results from Fig. 10.

Next, the antenna radiation pattern measurements for both
polarization states (RHCP and LHCP) of the TX/RX mod-
ules were performed for two previously defined orthogonal
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Fig. 14. Measured 2-D contour plot of the copolar RHCP radiation pattern
at 240 GHz for the TX module.

orientations corresponding to the major and minor axis of
the polarization ellipse in each case, and each total copolar
radiation pattern was found by superposition of two con-
stitutive partial measurements. The directivity was finally
calculated by integrating the measured values of the 2-D
power density copolar patterns acquired over a £40° x +40°
sector of the hemisphere because of the mechanical limita-
tions. The measured frequency-dependent antenna directiv-
ity for RHCP polarization, as shown in Fig. 13, increases
monotonically from 23.5 to 25.2 dBi in the frequency range
of 210—270 GHz for both TX and RX modules, well correlat-
ing to the simulation results from Fig. 10. The corresponding
LHCP antenna directivity, although not shown, deviates by no
more than 0.5 dB from the plotted RHCP values. An azimuthal
view of the exemplary chosen RHCP radiation pattern mea-
sured at 240 GHz in the transmit mode is shown in Fig. 14,
indicating a good beam rotational symmetry.

2) Upconversion Path of TX Module: Two upconver-
sion paths of the TX chip were measured with a tunable
220-255-GHz LO frequency and, for BB signals, up to
20 GHz provided from the board level. As explained in
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Section III-A, the BB input ports were operated single-ended.
For characterization of the IQ amplitude imbalance, the I and
Q ports were driven separately, whereas, for the total radi-
ated power measurement in the USB and LSB, a broadband
(0.5-20 GHz) 90° hybrid (QH0226 Marki) was used to com-
bine the I and Q signals at the mixer BB ports. The TX
linearity was further acquired for different combinations of
LO and IF frequencies. The LSB linearities of the RHCP path
for one arbitrary chosen BB frequency of 5 GHz and three
different LO frequencies are shown in Fig. 15, whereas the
TX RF characteristics for an input power level of —5 dBm
at each of the BB driving ports are gathered in Fig. 16. This
power level allows the TX to operate close to saturation and
maximizes the link budget for QPSK modulation. According
to the discussion from Section III-A, the key TX parameters
do not only depend on LO frequency but also vary as a
function of the frequency difference between RF and LO,
with the LSB typically outperforming USB. The peak radiated
power is around 7.5 dBm per polarization channel. The LHCP
transmission path exhibits very similar characteristics with a
maximum deviation in the radiated power between LHCP and
RHCP below 0.5 dB across the measured operation frequency
range. An I1Q amplitude imbalance was measured below 1 dB
in the entire BB BW and is partly defined by the board-
level mismatch between I and Q paths incurred by the finite
assembly tolerances.

3) Downconversion Path of RX Module: Similar to the
TX chip, the Rx BB outputs were operated single-ended,
immediately degrading the measured RX power CG by 3 dB.
As explained in Section V, the RX BB outputs in the wire-
less link setup require to be cascaded with the broadband
amplifiers (PSPL5882) from Tektronix to raise the output
noise spectral density above the noise floor of the consecutive
high-speed oscilloscope with an in-build demodulator. This
complete cascaded configuration of the RX was further applied
in the measurement setup to facilitate a direct comparison
of the TX/RX chipset operating in a wireless back-to-back
loop with the single-tone RF characterization results. The
measured cascaded CG, single sideband (SSB) NF, and 1Q
amplitude imbalance for the RHCP receive path operated at
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Fig. 17. Measured frequency-dependent (a) CG, (b) IQ amplitude imbalance,
and (c) SSB NF in the RHCP RX path for different LO frequencies.

three different LO frequencies are gathered in Fig. 17. The
RX shows a peak CG of around 18 dB and a board-level
limited 3-dB RF BW of 28 GHz with a very weak dependence
on LO frequency. The IQ amplitude imbalance stays below
1 dB, similar to the TX chip. The cascaded in-band SSB
NF is around 18 dB and was estimated by employing an
indirect measurement method from [63] due to the lack of
a noise source at these frequencies in our lab. According to
this method, the NF can be calculated from the measured CG
and noise power spectral density, Noy, at the RX output as
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applied to measure the isolation between two driving ports of the antenna
system.

follows:
SNRin N, out

NF = =
SNRowe  Nin x CG

)

under the assumption of only thermal noise power spectral
density, Nj,, present at the RX input (—174 dBm/Hz at 298 K).
The measurement results for the complementary LHCP path
(not shown for clarity) deviate by no more than 0.5 dB from
the plotted RHCP characteristics.

4) LO Path of TX/RX Modules: According to the dis-
cussion from Section III-A, the nonideal LO generation
path is a source of: 1) direct leakage between the exter-
nally provided LO driving frequency (LO/16) and the RX
BB outputs; 2) insufficient isolation through the upconver-
sion/downconversion mixer to the RF (antenna) port; and
3) harmonic spurs in a single (x15 and x17) and twofold
(x 14 and x18) spectral distance to the main LO (x16) tone.
The first from the list was measured at —50 to —55 dB below
the power level of the tunable 13.75-16.25-GHz external LO
driving signal, whereas the LO leakage through the mixer
blocks was typically at a —20-dBc level. A suppression level
of the parasitically upconverted/downconverted BB signals as
referred to the wanted x 16 mixing products was characterized
across the 220-260-GHz LO tuning range. For 225-245 GHz,
the suppression was better than 30-45 dB, but it dropped to
around 15-20 dB for other LO frequencies.

The close-proximity phase noise of the TX LO path
driven from the reference Keysight E8257D synthesizer (see
Section III-A) was measured after downconversion with an
OML extension module and was found to scale as expected
according to 20 log;o(16) = 24.1 dB.

5) On-Chip Isolation Between Two Polarization Paths: As
discussed in Sections II and III-C, direct leakage between two
antenna driving ports on each chip, as shown in Figs. 1 and 7,
is one of two major sources of potential coupling between
two orthogonal data streams. A dedicated test procedure was
developed to facilitate the measurement of this leakage, which
is outlined in Fig. 18 for the RX chip. The setup exploits
the presence of two independent LO paths, IQ-RX 1 and
IQ-RX 2, operating at two different LO frequencies, f; and
f>, with a frequency offset f; — f>. Here, the LO power, PLo,
leaking through the downconversion mixer, IQ-RX 1, can be
downconverted to P by the second mixer, IQ-RX 2, due to
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the finite isolation between two ports of the antenna system,
denoted as ISOnyprid. ISOnybria can be calculated as

ISOHybria (dB] = Pip — Prag — CGig—rx2 — 2 - Antregs  (3)

where CGig_rx2 denotes the previously measured CG of
the IQ-RX 2 RX path and Antpo refers to the simulated
loss of the complete antenna system from Section III-C.
P is the LO power leaking through the mixer IQ-RX 1
corrected by the insertion loss incurred by the antenna system,
as Pnq = PLo — Antress, and was characterized directly with
the free-space single-tone measurement setup from Fig. 12.
The isolation was measured in the 210-270-GHz frequency
range by simultaneous tuning in both LO paths with a constant
frequency offset of 500 MHz and is presented Fig. 19 alto-
gether with the previous simulation results from Fig. 9, both
correlating well with each other. The isolation is superior to
—22 dB for the entire 210-270-GHz range and is, therefore,
expected to be less critical than that incurred by the AR.

A similar setup cannot be applied to the TX chip because
of the reverse isolation of the PA block inserted between
the upconversion mixer and the antenna system. Therefore,
it assumed that both RX and TX chips show similar on-chip
isolation between RHCP and LHCP paths due to identical
antenna layout.

B. TX/RX RF Measurements in a Back-to-Back Loop

The effective channel BW of each complete transmission
path (LHCP or RHCP) in a back-to-back configuration is
set by RF bandpass and BB LP characteristics of both TX
and RX modules acting together by performing the combined
double-sideband upconversion and downconversion between
the corresponding BB TX and RX ports. In particular, double
sideband operation involves the asymmetry between LSB and
USB of both modules in the transmission process, and there-
fore, the frequency-dependent characteristics, both amplitude
and group delay, of the complete path are not simple replicas
of the TX and RX RF properties found from single-tone
measurements. The aggregate isolation between both transmis-
sion paths is related to a direct leakage between the RHCP
and LHCP antenna driving ports on each chip, the antenna
axial-ratio on both sides of the link, and a relative azimuthal
orientation around boresight between the transmit and the
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Fig. 21.  Measured isolation between the TX RHCP path and the RX LHCP
path at a 1-m distance as a function of the BB frequency for different relative
azimuthal orientations between the TX and the RX operating at 230 GHz.

receive block. The highest cross-polarization incurred coupling
appears when the major axes of the polarization ellipse on both
TX and RX side are rotated by around 90° and corresponds
to the sum of the antenna XPD, on both sides.

In order to measure the TX/RX performance in a
back-to-back configuration, the following setup, as shown
in Fig. 20, was used. Here, the TX and RX modules were
placed in the line-of-sight at a 1-m distance, and all on-chip
LO generation paths were driven from a single frequency
synthesizer. The LO frequency was tuned between 210 and
270 GHz with the corresponding BB sweep of 15 GHz for each
LO frequency settings. Although the isolation between RHCP
and LHCP paths does not depend on a relative phase difference
between the TX and RX LO chains to the first-order extend,
a phase shifter, as shown in Fig. 20, was used to facilitate
the channel measurements for both of them by ensuring the
maximum power transfer for each of the consecutive I and Q
paths in each orthogonal polarization.

An exemplary chosen measured isolation between the TX
RHCP path and the RX LHCP path as a function of BB
frequency for different relative azimuthal orientations between
TX and RX operating at 230 GHz is shown in Fig. 21.
The measurement results for the opposite combination
(TX-LHCP-to-RX-RHCP), although not shown, are very sim-
ilar. Please note that the measured aggregated isolation
includes not only the influence of the expected antenna
XPD and direct leakage between two antenna driving ports
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Fig. 22.  Channel BW, IQ amplitude imbalance, and isolation between the

RHCP and LHCP transmission paths for different carrier frequencies and the
worst case azimuthal alignment between the TX and RX modules at a 1-m
distance. Each of the plots is normalized to its corresponding maximum signal
level at the RX output.

on each chip but it is also affected by the finite align-
ment accuracy and the presence of standing waves between
both modules. For the worst case alignment correspond-
ing to angle A® of around 80-100°, the isolation varies
between —17 and —18 dB across the entire BB BW, thus
correlating well with the previous single-tone measurements
from Section IV-A and simulation results from Section III-C
that predict the antenna XPD of 18-32 dB and the antenna
on-chip isolation between the RHCP and LHCP driving ports
of —40 to —22 dB across 210-270 GHz. According to [56],
such isolation should be sufficient for 16-QAM simultaneous
operation of both polarization paths in the absence of other
link impairments. The next set of plots in Fig. 22 presents the
isolation measured for three different LO frequencies under
the worst case alignment scenario, indicating very consistent
values with low dependence on the LO frequency. The 6-dB
defined BB channel BW is above 13.5 GHz for all LO
frequencies with a typical in-band IQ amplitude imbalance
below 1 dB. The amplitude imbalance grows up to 2 dB for
some frequency points in the higher end of the BB BW and
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Fig. 23.  Measured group delay through a 1-m distance line-of-sight link

across the entire 15-GHz BB BW for the I channel of the RHCP transmission
path operating at 230 GHz.

is largely attributed to a finite control of the board-level LP
filter characteristics from Fig. 6.

The group delay of the entire 1-m distance wireless setup
in a back-to-back configuration was measured by connecting
a two-port vector network analyzer (VNA) to the IQ BB ports
of the TX and RX modules for each separate polarization.
An arbitrarily chosen group delay plot across the entire
15-GHz BB BW for the I channel of the RHCP transmission
path operating at 230 GHz is shown in Fig. 23. The measured
delay of 3.55 ns with a typical in-band variation below
+50 ps in the entire operating BW corresponds well to a
total propagation time through the air path, onboard filters,
and lens-coupled antennas on both sides of the link. Although
the group delay measurements involving a very large number
of periods in the transmission path challenge the measurement
accuracy (800 for a carrier frequency of 240 GHz at a 1-m
distance), the LO frequency-independent location and shape of
the ripples in the plot correlate with the ones of the onboard
filter, as shown in Fig. 6 and in [40], indicating that the group
delay dispersion is largely dominated by the packaging and
not by RF bandpass response of the on-chip circuitry. The
in-band group delay variation (below 13 GHz) has two main
sources: first, the combination of the on-chip circuitry with the
onboard filter. Only in the RX side, this adds a waviness of
10 ps as it was reported in [40]. Second, although the setup was
cover by absorbers, it is not possible to eliminate the standing
waves present in the 1-m wireless link. This effect increases
the waviness of the in-band group delay. On the other side,
the absolute maximum at 13 GHz shows a variation of 100 ps
over the average group delay of 3.55 ns, which correlates well
with the variation expected after cascading the two onboard
filters present in the wireless link (TX and RX). A +50-ps
in-band variation is comparable to a symbol duration for the
highest modulation speed reported here and, therefore, requires
some linear equalizer to be applied in the communication
setup.

V. WIRELESS COMMUNICATION LINK
A. Measurement Setup Description

For simultaneous wireless measurements of RHCP and
LHCP transmission paths in a line-of-sight 1-m distance
configuration, two two-channel 100-Gs/s  Tektronix
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TABLE I
QPSK WAVEFORM PARAMETERS AT THE AWG OUTPUT

QPSK Pout 90% BW  First-zero BW  EVMy
data-rate  (dBm) (GHz) (GHz) (%)
20 Gb/s 2.1 5.5 8.5 1.8
30 Gb/s 2.8 8.2 12.75 2
40 Gb/s -4 10.7 17 3
50 Gb/s =17 13.25 21.75 4
55 Gb/s 9.6 14.5 23.5 6

DPS77004SX real-time oscilloscopes with single-ended
input ports and four 50-Gs/s Tektronix AWG70001A
arbitrary-waveform generators (AWGs), synchronized in
pairs, were used. A set of phase-matched cables was applied
to connect the TX and RX onboard BB connectors to the
corresponding ports of the generators and oscilloscopes. Due
to the low noise level at the RX outputs, a set of broadband
amplifiers PSPL5882 from Tektronix was placed between the
RX output and the oscilloscope inputs. This was done to
amplify the signal power and the noise power spectral density
at the output of the RX above the oscilloscope noise floor to
shield the effect of the latter from the wireless communication
link results. The PSPSL5882 amplifiers have a gain of 16 dB
over a 35-GHz BW and an NF of 6 dB measured at 1.5 GHz.
As explained in Sections III-A and IV-A, the differential
input and output BB stages of the RX and TX needed to
be operated as single-ended, resulting not only in an SNR
decrease but more important in a degraded drive balance
leading to a more pronounced frequency dispersion in the
operation BW and a higher leakage between the I and Q paths.
The received digitized data in the oscilloscope were evaluated
with a vector signal analysis (VSA) software, which provides
an adaptive decision-directed FIR feed-forward equalizer for
linear distortion compensation operating together with the
carrier/clock synchronization loop.

For the highest quality of the modulated waveforms driving
the TX ports, the AWG nonideal frequency response was first
compensated by predistortion. To reduce a spectral spread
of the modulated waveforms to fit into the limited BW of
the generators and TX/RX modules, the pulse-shaping with a
root-raised cosine filter (RRC) (roll-off factor of 0.2-0.7) was
further applied, and the AWG waveform quality was finally
determined with the VSA software of the oscilloscopes. Table I
gathers the measured waveform parameters for QPSK speeds
ranging from 20 to 55 Gb/s. The parameters include EVM
for pseudo random bit sequence (PRBS) 9 data sequence,
combined power for I and Q outputs, 90% power containment
BW, and full BW defined by the first zero-crossing. By com-
parison with Fig. 15, it can be noticed that above 40 Gb/s,
the generators do not provide sufficient output power for full
compression of the TX module, which may lead to additional
changes in the frequency-dependent channel response. Next,
the EVM values grow to around 6% toward 55 Gb/s and, thus,
contribute to an EVM increase of the total back-to-back 1-m
link. A 90% power BW for 50-Gb/s QPSK roughly matches
that of the measured channel BB BW.

A block diagram of the complete measurement setup is
shown in Fig. 24. The relative azimuthal orientation between
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Fig. 25. Measured EVM for the QPSK-modulated RHCP transmission path

as a function of modulation speed and carrier frequency. The expected EVM
from the measured SNR at 230 GHz is given for comparison.

the TX and RX modules was chosen to correspond to the
highest leakage between the RHCP and LHCP paths, as found
from the previous single-tone measurements in a back-to-back
configuration (see Section IV-B). Both transmission channels
were operated simultaneously at the same carrier frequency to
double the spectral efficiency of the MIMO link. Therefore,
the external LO driving frequency was provided from the same
synthesizer after the power split. A set of phase shifters was
also inserted to expedite the carrier synchronization for each
independent transmission path, particularly in the presence of
low SNR at the RX outputs for the highest modulation speeds.
An adaptive decision-directed FIR feed-forward equalizer with
a varying number of taps of up to 61 was applied to the
received signals [64].

B. Single-Polarization Single-In Single-Out (SISO)
Measurement

To separate the EVM contributions resulting from finite
isolation between the RHCP and LHCP transmission paths
from those related to the hardware impairments in each
individual MIMO path, the link was first characterized under
the single-path operation conditions and for multiple carrier
frequencies between 220 and 255 GHz.

The measured EVM for the arbitrary chosen
QPSK-modulated RHCP path as a function of the modulation
speed and the carrier frequency is shown in Fig. 25.
A maximum data rate of 55 Gb/s with an EVM of 30% was
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Fig. 27. Measured and calculated EVM for the QPSK-modulated RHCP
and LHCP transmission paths under simultaneous operation as a function of
modulation speed and carrier frequency.

achieved at 230 GHz, where the entire available BB BW
was fully exploited and the aggregate influence of all single-
path related hardware imperfections acting simultaneously
was minimized. For 225-245 GHz, the measured EVM
dependence on LO frequency and modulation speed shows
a similar trend up to 50 Gb/s with relatively minor variation
between all curves. This variation is determined mainly by
differences in: 1) the transmitted output power; 2) the TX
asymmetry between LSB and USB; and 3) the suppression
level of the externally provided LO driving tone (LO/16)
at the RX BB outputs with respect to the downconverted
power density of the modulated spectrum. For sufficiently low
modulation speeds, the leaking LO/16 tone can be practically
eliminated with the applied RRC filter at the RX output, but
this filtering can no longer be applied without affecting the
modulated spectrum for the higher modulation BW reaching
the spectral location of the LO/16 tone. For LO frequencies
outside of the 225-245-GHz range, the EVM grows faster,
and it is mainly a direct consequence of the insufficient
suppression of the x15 and x17 harmonic spurs in the LO
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generation paths; as discussed in Sections III-A and IV-A.
An EVM contribution related to the IQ imbalance in the link
was found not to be the major factor of the overall EVM
degradation. With the equalizer in the RX path, the phase
and amplitude IQ errors determined from the constellation
diagrams were typically below 3° and 0.2 dB, respectively,
up to around 40 Gb/s.

For a better understanding of the minimum achieved EVM
at low data rates, an SNR at the RX outputs before demod-
ulation was measured directly, and the resulting minimum
AWGN-limited EVM bound (EVM = 1/(SNR)!/?) for
230 GHz is additionally plotted in Fig. 25. A nonnegligible
discrepancy between the measured EVM and the calculated
minimum bound can be noticed. This minimum value of
around 18% holds for the lower wireless distance, indicating
that the SNR does not limit the link in its current state.
By comparison with our previous wireless experiments [15],
[16], [36] that operated the TX/RX BB ports fully differ-
entially and reported an EVM as low as 7% for the same
baud rates, the main source of EVM deterioration was found
to be an imbalanced single-ended drive of the high-speed
ports through the wire-bonded interconnects, as previously
mentioned in Section III-A. A minimum EVM of 18% in
each single-polarization path currently prevents the MIMO
operation with higher order modulation formats, such as
16-QAM, even though the measured RHCP—to—-LHCP isola-
tion may potentially provide it.

C. DP MIMO Measurement

Similar plots to those from Fig. 25 were acquired
for two transmission paths (RHCP and LHCP) operating

simultaneously, as shown in Fig. 26. It can be noticed that both
paths show some EVM differences for the same combination
of LO frequency and modulation speed, but the general EVM
trends for both plots are well preserved. Some differences
between the RHCP and LHCP links are attributed mainly
to: 1) the limited package-level assembly tolerances; 2) the
differences in XPDs for RHCP-to—-RHCP and LHCP-to-
LHCP polarizations; and 3) the spread of phase error for both
LO paths that need to be synchronized simultaneously. The
EVM contributions related to the single-channel operation (see
Fig. 25) can be combined with the channel-to-channel isolation
(see Fig. 22) into an aggregate EVM [56], modeling the
polarization leakage as the Gaussian noise. This EVM is addi-
tionally plotted in Fig. 27 for the carrier frequency of 230 GHz
to allow direct comparison with the directly measured total
EVM. As can be noticed, both the calculated (denoted as
EVM.aiculated) and the measured values correspond well to each
other, indicating the absence of other potential link impair-
ments. The maximum aggregate data rate of 110 Gb/s with
an EVM of 31.9% was achieved at 230 GHz, similar to the
single-polarization operation. Assuming an AWGN channel
approximation [56], the corresponding BER should stay below
1073. At 255 GHz, which is in the operation range of the
IEEE 802.15.3d-2017 standard (channels 1, 2, 33, and 49) [1],
a maximum data rate of 60 Gb/s was achieved. The standard
does not define any specific link distance. However, it requires
a postforward-error-correction (FEC) BER better than 10~'2,
According to [65], any BER better than 4.5 - 1073 can be
corrected to the level of 10~ applying FEC codes. The results
presented here align with the signal quality required by the
standard. For a 2-m distance link, the maximum link speed was
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TABLE 11
STATE-OF-THE-ART OF ELECTRONIC-BASED WIRELESS LINKS ABOVE 200 GHz
Ref. [10] 9] 29] 21] [20] 3717 1381/ [39] [30] [15] This Work
Technology 35nm InP 80nm InP  130nm SiGe  40nm CMOS  40nm CMOS 130nm SiGe 130nm SiGe 130nm SiGe 130nm SiGe
Frequency (GHz) 240 270 190 300 265 225-255 240 225-255 225-255
Modulation 8-PSK 16-QAM BPSK 16-QAM 16-QAM 16/32/64-QAM BPSK 16-QAM QPSK
On-chip LO ? yes no no no no yes yes yes yes
Packaging waveguide waveguide - - COB COB COB COB COB
Antenna type horn horn dipole horn horn on-chip ring double folded  on-chip ring on-chip slot
+ lens dipole + lens + lens + lens
Antenna gain (dBi) - 50 5 - 24 26 14 26 25
Data-rate (Gb/s) 96 100 50 32 80 90/90/81 25 100 100/80
Distance (cm) 40m 222 0.6 1 3 100 100 20 100/200
EVM (%) 21.6 16.51 31074 o 16.1 16.3 15/12/8.5 22-107% 5 17 32
Ppc (W) - - 0.154 2.05 1.79 1.96 1.41 0.95 2.85
Efficiency (pJ/b) - - 33 65 224 22/113 56.4 14/5.53 25.9/123 4
# of channels 1 1Q channel 1 channel 1 channel 1 channel 1 channel 1 1Q channel 1 channel 1 1Q channel 2 IQ channels

1Measured SNR (dB); 2BER; 3Without LO generation circuitry; 4For a 1-meter distance

reduced to 80 Gb/s and was achieved at 230 GHz with an EVM
of 32%. A set of the measured constellation diagrams with
one arbitrary chosen spectrum of the downconverted 55 Gb/s
QPSK waveform at the RX BB ports before demodulation
is presented in Fig. 28. Here, the presence of the external
LO/16 driving signal is evident.

The link is not noise-limited; therefore, the effect of further
increases in the distance on the link quality cannot be simply
extrapolated from the previous measurements. The measured
EVM does not scale according to the link-budget calculation
defined by the Friss formula, but it is dominated by other
effects, such as the asymmetric operation of the differential
pairs. However, as explained in Section III-C, the antenna
directivity of the modules can be extended by attaching a
bigger lens to the chip, allowing for higher link distances
holding the performance.

The major measured results for the presented polarization-
diversity MIMO system are compared with the current
state-of-the-art fully electronic solutions operating above
200 GHz in Table II.

VI. CONCLUSION

In this article, the feasibility of doubling the spectral effi-
ciency of a line-of-sight wireless transmission by applying the
polarization-diversity MIMO to a set of highly integrated and
fully packaged fundamentally operated direct-conversion IQ
TX and RX modules has been demonstrated. Each of the
modules is implemented in 0.13 gm SiGe HBT technology
as a single-chip solution in combination with a low-cost COB
packaging for the high-speed BB signaling and the silicon
lens-coupled on-chip antenna interface to free space. The
chipset can simultaneously transmit two orthogonal circu-
lar polarizations (RHCP and LHCP) without the need of a
high-speed depolarizer in the BB for any relative azimuthal
orientation between the TX and RX modules, solving the
problem of the relative orientation between the TX and the RX.
This, in addition to the used QPSK modulation scheme, relaxes
the complexity of the future BB circuitry attached to this
system. These two points are particularly important steps
toward the realization of future mobile applications at this
frequency range.

This article further presented a detailed analysis of the
major RF hardware imperfections limiting the system-level
EVM, which were separated into two different contribution
groups related to: 1) the single-channel operation at a time and
2) the on-chip and free-space leakage between two indepen-
dent channels paths.

On the link level, channel-to-channel isolation of at least
18 dB for the entire measured 210-270 GHz band was
achieved, which is sufficient for simultaneous operation of
two high data-rate 16-QAM modulated waveforms in the
absence of other potential link impairments. In view of a
minimum EVM of around 18% achieved for each of the
channels operating separately, caused by the single-ended
operation of the upconversion and downconversion mixers,
the MIMO operation with a 16-QAM modulation format was
not possible. For QPSK modulation, a maximum aggregate
data rate of 110 and 80 Gb/s was achieved at 230 GHz for
1- and 2-m distances, respectively. For the highest LO fre-
quency of 255 GHz, which is the operating range of the
new IEEE 802.15.3d-2017 standard, 60 Gb/s was demon-
strated. With some improvements on circuit level in each
single-polarization path and in the antenna XPD, considerable
improvements in an aggregated date rate beyond 100 Gb/s are
anticipated.
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