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Abstract— A scalable platform for modulation measurcments
at millimeter- and submillimeter-wave frequencies is presented
and demonstrated at 121 GHz. The system is used to characterize
a 13-nm InP stacked power amplifier (PA) at saturated power
levels, without using digital predistortion (DPD). A peak data
rate of 10 Gh/s is achieved at a peak power level of 14.1 dBm
imax power added efficiency (PAE) point) and s the highest
recorded dala rate on stand-alone PAs al frequencies grealer
than 100 GHz at peak power levels greater than 10 dBm. The
PA exhibits a peak gain of 11.7 dB and a 3-dB bandwidth (BW)
of 45 GHz, measured from 90 to 135 GHz. The peak measured
PAE and saturated outpul power (Pg,) at 112.5 GHz are 183%

and 153 dBm, respectively.

Index Terms— Heterojunction  bipolar  transistor (HBT),
millimeter-wave-integrated circoit (MMIC), modulation measure-

ments, power amplifiers (PAs),

I. INTRODUCTION

OWER amplifiers (PAs) are crucial building blocks in a
variety of applications and influence system efficiency and
performance metrics. F- and D-band PAs specifically have use
in short-range applications, such as inter-chip communications,
and in millimeter-wave froni-haul and back-haul for commu-
nication systems [1]. The stacked PA topology is an attractive
candidate to simultaneously optimize gain, output power, and
power added efficiency (PAE) in scaled technologies [2], [3].
Advances in silicon and 111-V technologies have also enabled
the realization of compleie transmiller chains capable of high
data rates al moderate to high effective isotropic radiated
power (EIRP). There have been previous demonstrations of
complete transmillers at D-band, but these sysiems used cus-
tom i aled circuits to perform modulation [4], [5], [6],
[7]. [8). There is value in being able 1o characlerize the
performance of individual circuit blocks using commercial
equipment as millimeter-wave systems proliferate.
This work presents a custom-built modulation chain using
commercial equipment, as shown in Fig. 1, that is used to
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Fig. 1. 121-GHz modulation measunement setup depicting the flow of vanous
spnals and components. Wavepuide connections ane coloned blue.

characterize the behavior of stand-alone circuil blocks, such
as PA at 121 GHz, across a range of power levels. Next, the
design and characlerization of an example wideband stacked
PA in a 130-nm InP process are detailed. The stacked PA [9]
has a peak |521] of 11.7 dB, a peak PAE of 18.3%, a 3-dB
bandwidth (BW) from 90 1o 135 GHz, and a gain greater than
8.8 dB from 90 to 140 GHz. The PA has at least 10 dB of gain
from 95 to 130 GHz. The PA stages and interstage network
are designed so as to have a load line match close to 50 €.
The amplifier is capable of data rates of 500 mega symbols per
second (MSPS) 16 quadrature amplilude modulation (QAM)
with an rms error vector magnitude (EVM) of 5.8% and an
average PAE of 5.2% at an average output power level of
8.2 dBm, and 5-giga symbols per second (GSPS) QPSK wilh
an rms EVM of 14.3% at an average output power of 7.8 dBm
with a peak-lo-average power ratio (PAPR) of 6.3 dB. Using
a low-frequency arbitrary waveform generator (AWG), this
chain is also capable of being extended to higher frequencies
and higher modulation BWs, such as 64 QAM, al higher Py,
than the Tx module used in [10].

IT. MoDULATION CHAIN
This demonstration was designed at a center frequenc
of 121 GHz. On the transmiller side, a Keysight ER257D signal
generator is used to an local oscillator (1.O) for a WRE
Virginia Diode Inc. (VDI) Signal Extender (SGX) at 37 GHz.
The SGX (x3) multiplies the signal up to the WRE band.
A Keysight MBI92OA AWG is used to generate baseband
in-phase/quadrature-phase (/Q) data, which is then used to
drive a Marki 1/Q mixer (MMIQ 0520HS). The LO input
to the 1/Q mixer is powered by an ES8257D at 10 GHz. The
signal multiplied up by the WRE extender is mixed with the
RF output of the Marki I/Q mixer using a VDI Fundamental
Mixer. The output of the mixer is connected to a VDI bandpass
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Fg 2. EVM performance of the chain without the DUT across modulation
formats. The measured EVM at 5-GHz QPSK is 7.7%.

mesh filter that passes the 121-GHz modulated signal. The
image at 101 GHz is rejected by more than 50 dB. The
modulated signal at 121 GHz passes through a waveguide
attenuator and is then amplified using a VDI WRE amplifier
1o ensure the PA device under test (DUT) can be saturated o
peak output power. The P1dB of the VDI amplifier is 13 dBm.
The combination of the attenuator and VDI amplifier enables
measurements for the DUT at various back-off power levels.
On the receiver side, the signal from the probe is sent to a
waveguide 10-dB directional coupler. The coupled oulput is
connected to a PMS power meter. The TF output of the SAX
(centered at 3 GHz) is connected to a Keysight MXRG0SA
6-GHz scope. The scope runs the Vector Signal Analyzer
(VSA) software and is used to analyze the waveform and
look at the rms EVM numbers. The 10-MHz reference clock
on all Keysight equipment is connected together, with the
oscilloscope clock output acting as the master. The chain is
characterized without the probes and DUT o undersiand the
effects on the measurements of the DUT's EVM performance.
As shown in Fig. 2, this wideband chain is of up- and
down-converting a low-power 1500-MSPS 16-QAM signal
with an EVM of 2.8%, a 300-MSPS 64-QAM signal with
an EVM of 5.5%, and a 5-GSPS QPSK signal with an EVM
of 7.7%. An adaptive equalization generated by the Keysight
VSA is applied to this chain (without the PA).

I11. PA DEsIGN

The single stage large signal power gain al frequencies
greater than 100 GHz is typically low, and amplifiers usually
have multiple stages [11]. The stacked amplifier topology [12],
[13], [14], [15] is an excellent design choice for increasing
output power and gain while ensuring all devices stay within
their safe operating arca (SOA) limil. This PA was fabricated
in the Teledyne 130-nm InP heterojunction bipolar transis-
tor (HBT) process (fi/fme in excess of 500 GHz/1 THz)
[16], [17]. The BVCEg is 3.5 V. The technology has three
metal layers and metal-insulator-metal (MIM) capacitors.
Fig. 3(h) compares the maximum stable gain (MSG; the MSG
that can be achieved by a polentially unstable device) for
the cascode, common emitter (CE), common base (CB), and
stacked topologics for a unil transistor with an emiller length
of 6 pm. In the stacked PA, a CE stage drives a CB stage,
with an inlerstage malching network in between, so the voltage
across the two stages swings in phase. The capacitance al
the base of the CB stage is designed in conjunction with
the inlerslage transmission line lo ensure oplimal phasing,
as shown in Fig. 3(d).

Fig. 3(a) compares the simulated load pull contour between
class A CE [Fig. 3(a)-(i)] and the stacked PA [Fig. 3(a)-(ii)]
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Fig. 3.  (a) Loadpull contours for class A (i) CE and (ii) stacked PA.
Esch stage in the CF and stacked PA wa iseed of four tramsistors,
each 6 pm long. (b) MSG comparison for the CF, CR, and stacked topology.
€} Schematic of the stacked PA. (d) Collector vollage wavelorm al the (wo
nodes. (¢) Die photograph of the stacked PA.

al 125 GHz al various levels of compression. Fig. 3(c) shows
the architecture of the design. Radial stubs are used in this
design for broadband bias insensitivity. The transistors in the
CB stage are laid out with the bases in proximity so as lo
minimize stray inductance and prevent instability. The series
capacilors are EM simulated in isolation before insertion inlo
the matching networks. Each stage in the CE and stacked PA
consists of four transistors, with an emitter length of 6 gm
cach. The optimum load impedance for the CE amplifier is
10 + j15 € for peak efficiency. Matching this impedance to
50 £} requires high-{ componenis and is difficult o design
with broad BW. The optimum load impedance for the stacked
PA design is 60 + j40 €1, making a broadband match easier
o implement. The simulated outpul network passive efliciency
exceeds B0% for the WRS band. The simulated interstage and
outpul maiching network losses are 0.9 and 0.7 dB at 125 GHa.
A 65-fF capacitor was used at the base of the cascode stage,
and a 150-L1 resistor (Rb) was used to both thermally ballast
and electrically stabilize the PA, as shown in Fig. 3(c).

IV. MEASUREMENTS AND RESULTS

A. CW Measuremenis

A die photograph is shown in Fig. 3(¢). The small sig-
nal S were measured across two bands, WRS and
WRS, using VDI Vector Network Analyzer (VNA) Exienders
(VNAX) interfaced to a Keysight PXA VNA. The small signal
S-paramelers (simulated and measured) are shown in Fig. 4(c).
The peak measured gain is 11.7 dB at 112.5 GHz and exceeds
10 dB from 95 to 130 GHz.

Large signal measuremenis were performed from 90
o 140 GHz. A ight signal generator connected to a
VDI WRE tripler (WRE.0X3) followed by a VDI amplifier
is used to drive the input of the PA. The output power is
measured using a VDI PMS5 power meter. The PA saturates at
8.5-dBm available inpul power. Fig. 5(a) plots the measured
and simulated peak PAE (%), and output power at peak PAE
(dBm) across frequency. The measured peak PAE is 18.3%,
and the peak output power is 153 dBm, at 112.5 GHz.
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output power ot pesk PAE, of 18.3% and 153 dBm

Fig. 5(b) plots the simulated and measured gain (dB), outpul
power (dBm), and PAE (%) at 112.5 GHz against available
input power, showing 7 dB of gain at peak PAE.

B. Modulation Measurements

Modulation measurements are performed at 121 GHz using
the setup in Fig. 1. The complete signal chain, without the
DUT, is equalized across power levels using the VSA software,
and input power numbers are noted. The stimulus
is then applied (o the chain with the PA. The PA performance
is measured up to 5-GSPS QPSK, limited by the equipment—
specifically the sampling speed of the AWG. The PA output
power and modulation performance are simullancously mea-
sured to amive at PAE numbers. Demonstrative results are
plotted in Fig. 6(a) and (b) for 500 MSPS 16 QAM and
5-GSPS QPSK, respectively. The trends across average outpul
power level are plotied in Fig. 6(c). The EVM is 14.3% for
5-GSPS QPSK (PAPR of 6.3 dB), operating al an average
power of 7.8 dBm—ihe output er al maximum PAE
al 120 GHz is 14.2 dBm. Table | compares the performance
of the PA with prior stand-alone PAs operating at frequencies
greater than 100 GHz. The PA achieves a maximum data rate
al stale-of-the-art levels while at a higher power level.
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Fig. 6. Constellations for (a) 500 M5PS 16 QAM and (b) 5-GSPS QPSE.
{c) Performance across average oulpul power (dBm), depicting 14% EVM for
5-GS5PS QPSK.
TABLE 1
TABLE OF COMPARISON FOR STAND- ALONE PAS/FRONT
ENDS AT GREATER THAN 100 GHZ

Mol | ThisWerk | (18] | (18] | [@/09)
Poul B 9751225 107-138%  [147.1508%4| 125148
BW (GHz)
130 Lol 13 SiGe | ddam 0o P |
CMO05 501 +M05
T PA Topolegy | Tsg | & way shotline | Tx FE T way
| stacked |comb Doberty | o vombied
[ Peat (dBm) | 153 27| 18| 17
Peak PAE (%) 183 87 1]ee 20
@ (GHz) 1125 1o 1499
| Pomk 831 (di) | (1Kj | s 5| .1
Mod Freg. 121 Gz 1315 GHz | 1507 GHz 133 GHz
| Miod. Format |16 QAM | QPSK | 16 QAM | &4 QAM | S4QAM| 160AM |
Data rate F | 0 [ ] 1056 ] 4
(Gh's)
EVM| 58% | 143w ) 5% | 12% | 12%°"
] T ! ! !
Poul,, |82 diies |78 dBm | 137 dBm | 01 dBm |11 dBm |11 dBm |
"l_-llr-#

V. CoNcCLUSION

This work presents a scalable modulation chain built using
commercial equipment at 121 GHz and its demonstration using
a 130-nm InP HBT PA. The PA has a 3-dB small signal
gain BW from 90 to 135 GHz with a peak gain of 11.7 dB,
a peak PAE of 18.3%, and a peak power of 15.3 dBm at
112.5 GHz. To the best of author's knowledge, these results
demonstrale the highest data rale for stand-alone PAs operaling
at frequencies greater than 100 GHz, at peak output power
greater than 10 dBm using commercially available equipment.
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