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Abstract— We report 220 GHz Solid State Power Amplifier 
(SSPA) using a 250nm Indium Phosphide HBT technology. 
Amplifiers reported include designs having 2 and 4 power 
combined cells. The 4-cell amplifiers exhibited 10 dB small signal 
gain and 48.8 mW of output power with 4.5 dB gain at 220 GHz. 
These amplifiers have a 3-dB small signal bandwidth of greater 
than 48 GHz. A 5-µm thick BCB microstrip wiring environment 
with 4 levels of interconnects allowed for low-loss transmission 
lines, mm-wave tuning structures, and dense interconnects within 
each cell. The 2-cell amplifiers provide 10.9 dB small signal gain 
at 220 GHz with a 3-dB bandwidth of greater than 42 GHz and 
26.3 mW of saturated output power at 208GHz. 

Keywords-InP HBT, MMIC, Power amplifier, On-wafer power 
combining 

I.  INTRODUCTION  
Solid-state Power Amplifiers (SSPA) operating above 220 

GHz are needed for future communications and imaging 
systems, both as transmitter elements in phased array 
transmitters and as driver amplifiers for higher-power vacuum 
tube power amplifiers. Significant output power is necessary to 
overcome the high atmospheric attenuation above 100 GHz 
associated with rain, humidity, and fog. To date, the highest 
reported output power for a solid state G-band (140-220 GHz) 
power amplifier is an InP HEMT power amplifier having 
50mW of saturated output power between 217 and 220 GHz 
[1] in a waveguide-block package. An early reported G-band 
power amplifier, implemented using InP HEMTs, provided 
20mW saturated output power between 176 and 189GHz [2]. A 
G-band medium power amplifier using InP HBTs produced 
greater than 8mW saturated output power at 190 GHz [3]. 300 
GHz medium power amplifiers have been reported using 256-
nm InP HBTs [4].  

Power combining with multiple gate or emitter fingers is 
necessary for high saturated output power. On-wafer 4-1 and 2-
1 power combiners have been demonstrated in a microstrip 
wiring environment at 95 GHz resulting in 427-mW of output 
power in a HEMT power amplifier [5]. 4-1 combiners at 
220GHz were realized with similar Dolph-Chebyshev 
structures using coplanar waveguide in the amplifier reported 
in [1]. Additionally, a 206-294GHz mHEMT amplifier [6] has 
been demonstrated using an identical non-inverted, shielded, 

thin-film microstrip environment with dense interconnect vias 
as the amplifiers reported here.  

State-of-the-art InP HBTs at the 250nm technology node 
have demonstrated the requisite device bandwidths and gains 
for amplifiers at high-mm-, sub-mm-wave frequencies [7]. 
While 250nm InP DHBTs have much higher off-state 
breakdown compared to state-of-the-art InP HEMTs [8], the 
usable voltage and current handling (to form the load-line of a 
power amplifier cell) of these technologies, where the 
MAG/MSG is appreciable, is similar. A closer examination of 
the MAG/MSG of a cascode cell formed with these 
technologies at high-mm-wave frequencies shows that the InP 
HBT cell yields many more dB of gain compared to its InP 
HEMT counterpart. Additionally, for demonstration of a power 
amplifier at these same frequencies, low-loss interconnect and 
power splitters/combiners are essential. The use of a multi-
layer, thin-film, substrate shielded non-inverted microstrip 
environment using low-loss BCB (εr = 2.7) available in InP 
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Figure 1.  4-cell InP HBT amplifier with 4-1 power combiners. The 
die is 0.7x0.65 mm2. 
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HBT processes allows very compact HBT PA cells and 
combiner networks to be formed with much lower loss 
compared to similar networks formed in grounded coplanar 
waveguide (G-CPW) interconnect on thinned InP substrates, 
used in InP HEMT processes. 

Here we report a state-of-the-art, 4-cell InP HBT solid-state 
power amplifier (SSPA) exhibiting 10 dB small signal gain and 
48.8 mW of saturated output power with 4.5dB gain at 220 
GHz. The amplifier has a 3-dB bandwidth greater than 48 GHz. 
We also report a 2-cell amplifier demonstrating 10.9 dB small 
signal gain at 220 GHz with a 3-dB bandwidth greater than 42 
GHz, with 26.3 mW of saturated output power at 208GHz. At 
220GHz, this is the highest RF output power for an SSPA 
reported to date in an InP HBT technology. 

II. INDIUM PHOSPHIDE HBT PROCESS 
For the power amplifiers here reported, a 250nm InP 

technology having ~4.5V breakdown voltage was used. The 
peak bandwidth of a single HBT was ƒmax = 700GHz and ƒτ = 
400GHz. At the quiescent HBT bias used in the amplifiers (Ic = 
5.5mA/µm2 and Vce = 2V), a single HBT shows ƒmax = 590GHz 
and ƒτ = 350GHz. The PA HBT cells used in the amplifiers  
were composed of  4-emitter fingers, with Le = 6-µm. The PA 
cell is compact, with footprints of 18x7.5µm2 for common 
emitter and 16x9µm2 for common base configuration. At the 
quiescent amplifier bias, the PA cells exhibit ƒmax = 530GHz 
and ƒτ = 333GHz, showing that the parasitics associated with 
the cell assembly do little to reduce the available bandwidth 
and gain of the PA cell.  

A 4-metal layer interconnect is used. The inter-metal 
interconnect separation by BCB (εr = 2.7) is 1.0um. The 
process supports the use of compact, stacked interconnect vias 
for the first, second, and third interconnect levels. MIM 
capacitors (SiNx, 0.3fF/μm2) are formed between the first and 
second level interconnect metal, and 50-Ω/sq thin-film resistors 
are available. Further details of the 250nm device and 
interconnect technology have been reported in [4,9]. 

III. MMIC POWER AMPLIFIER DESIGN 
The amplifier IC design was simulated using Advanced 

Design System (ADS) and an Agilent-HBT model for the 
250nm HBT technology. Thin-film, low-loss microstrip wiring 
is used in the designs. All transmission line structures, MIM 
capacitors, device feed structures, and probe pads were 
simulated using the ADS Momentum 2.5-D electromagnetic 
simulator. The thin-film microstrip is formed by using the top-
most interconnect (MET-4) for signal, while the first-metal 
interconnect (MET-1) is used to form a large ground-plane 
(5um MET-1 to MET-4 separation), as well as shield the signal 
lines from the high-εr ~ 12.8 InP substrate. This interconnect 
scheme prevents the excitation of unwanted substrate modes 
and permits the use of wider, lower loss wiring for a given 
interconnect Zo. 

The multi-cell amplifiers use a basic high gain cascode cell 
constructed using one 4-finger common emitter and one 4-
finger common-base HBT. DC bias to the cell was provided 
through quarter-wave microstrip chokes. High cell gain was 
achieved by impedance matching the input of the cascode stage 
to 50Ω. To maintain a compact IC layout, port impedances 
were matched using MIM capacitors as capacitive elements 
and high Zo transmission lines as inductive elements for an 
operating frequency of 220GHz.  

Maximum output power in each cell was achieved by 
matching the output impedance to a load line maintained within 
the high performance operating area of the common-base PA 
cell. This operating area is the region of Ic vs. Vcb curve defined 
by the collector-emitter saturation voltage, the device’s 
maximum current density, the safe operating power density, the 
common-base breakdown voltage, and the variation of ƒτ with 
collector voltage. DC bias for the PA was set at Jc = 5mA/µm2, 
while design variations were produced at biases of Vcb = 1, 
1.25, and 1.5 V for the common-base cell. 

 The goal of power combining was to create a series of 
SSPAs that could provide up to 50 mW of output power to a 
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Figure 3. Power Gain, S21 of a 4-Cell Power 
Amplifier (Top Center) with 10dB small signal 
gain at 220 GHz. Return Loss, S11 and S22 of 

4-Cell Power Amplifier (Bottom Center). 

Figure 2. Insertion Loss (Top Left) and 
Return Loss (Bottom Left) for back-to-back 

4-1 combiners. Each combiner has less than 1 
dB Insertion Loss at 220 GHz. 
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Figure 4. 2-Cell Power Amplifier S-parameters. 
S21 (Top Right) shows 10.9dB gain at 220GHz. 

The S11 and S22 plot (Bottom Right) shows input 
and output return loss. 
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load. To create the 2- and 4-cell amplifiers, both a 2-1 ¼ λg 
combiner and a 4-1 Dolph-Chebyshev combiner were designed 
in 5-µm BCB microstrip. The resulting 4-1 splitter/combiner 
appears as a wedge on the input and output in Fig. 1. The ¼ λg , 
high-Zo 2-1 combiners are shown at input and output in Fig. 6.  

The 4-1 combiner provides a 50Ω load impedance to the 
each of 4 tuned cascode cells while matching to the 50Ω 
impedance of the load at 220 GHz. The combiner consists of a 
high-Zo transmission line less than ¼ λg feeding a central point. 
A small MIM capacitor is added there to tune the EM structure 
for low loss at 220 GHz.  A 2.5-D EM-simulator was used to 
verify the center frequency of the combiner structures. A 
measured result of two back-to-back 4-1 combiners is shown in 
Fig. 2. The insertion loss per one side 4-1 combiner is 0.75dB 
and the insertion loss per one side 2-1 combiner is 0.6dB. 

The 2-1 power combiner used a quarter-wave 70Ω 
impedance transformer to turn Zo at the cell output into 2Zo at 
the combining point, creating a 50Ω match to the output. The 
2-1 power combiner was verified using a 2.5-D EM-simulator. 
This combiner was used in the 2-cell amplifier. 

IV. EXPERIMENTAL RESULTS 

 The SSPA MMIC was tested for small-signal gain using an 
Agilent 8510C Vector Network Analyzer (VNA) and WR-3 
Oleson Microwave Laboratory frequency extending heads. 
Probe tip LRRM calibration performed by WinCal XE was 
used to obtain measurements of S-parameters with the 
reference plane at the probe pads of the IC [10].  

The small signal gain of the 4-cell amplifier is shown in 
Fig. 3. With Ic1 = 132mA, Ic2 = 132mA, Vc2 = 1.80 V, Vc1 = 
2.1V, Ve2 = -4.2V, and Vb1 = 2.10 V, the measured gain at 220 
GHz was 10.1dB. The 3dB bandwidth extends from 206GHz to 
254GHz. 

 The 2-cell amplifier results shown in Fig. 4 was biased at 
Ic1 = 66mA, Ic2 = 66mA, Vc2 = 1.85 V, Vc1 = 2.1V, Ve2 = -4.1V, 
and Vb1 = 1.82 V. The measured gain, as shown in Fig. 4, at 
220 GHz is 10.9dB with a local maximum of 11.8dB at 206 
GHz with S21 dropping 3dB below peak at 248 GHz. 

 Output Power measurements were taken using a 40 GHz 
signal generator, followed by a VDI WR-05 200 GHz 
multiplier chain and waveguide probes for sweeping power at 
208GHz. The resulting output power was measured through a 
WR-05 waveguide probe, WR-05 waveguide extension, a WR-
05 to WR-10 waveguide transition and into an Erickson PM4 
sub-millimeter wave power meter. The detected power was 
then calibrated for the insertion loss of the output probe and 
waveguide. For measurements from 210 to 227GHz, a VDI 
WR-04 220GHz multiplier chain was used in a similar setup 
with a WR-04 waveguide transition. Power measurements 
above 225GHz were limited by source output power. 
 For Pin vs. Pout measurements, the 4-cell amplifier was 
biased under the same conditions as for RF testing. The 4-cell 
SSPA had an output power of 48.8mW and a gain of 4.5 dB at 
220 GHz. See Fig. 7 for 220 GHz power sweep results. Fig. 8 
shows output power and gain vs. frequency. Results show that 

 

 

Figure 5. Schematic diagram of a single power amplifier cell.

Figure 6. 2-Cell Power Amplifier with 2-to-1 power 
combining. The die is 0.7x0.58 mm2. 

Figure 7. Measured Gain and Output Power vs. Input Power for a 
220 GHz 4-Cell Power Amplifier. 
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the 4-cell amplifier can produce greater than 48mW of output 
power over 210-220GHz. In power testing, the 2-cell amplifier 
was held at the same bias as for RF testing. 26.3mW of 
saturated output power was measured at 208GHz. The power 
sweep for the 2-Cell Amplifier is shown in Fig. 9. 
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