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Abstract—In this paper we verify the small-signal performance
and simulation accuracy of two common-emitter (CE) and one
common-base (CB) multi-finger heterojunction bipolar transistor
(HBT) cells used in power amplifier designs at 220 GHz. We first
verify the accuracy of the manifold simulation, the structure
connecting multiple HBTs together, using passive structures that
comprise the manifold before verifying the accuracy of the single-
finger model and the four-finger cell simulation. We find that the
discrepancies between simulation and measurement of the four-
finger cell tends to be the same as or lower than the discrepancies
in the single-finger device from 140 - 230 GHz. The simulation
accurately predicts the gain of all cells and the reflection
coefficients of the CB cell. However, there are discrepancies
between simulated and measured reflection coefficients of both CE
cells, with a difference in linear magnitude greater than 0.1, and
discrepancies with the measured stability factor of the CB cell.

Keywords—common-base, common-emitter, HBT, InP, model,
on-wafer, s-parameters, stability, WRS.1

I. INTRODUCTION

At millimeter-wave and terahertz (THz) frequencies, the
design and layout of multi-finger cells are essential for
maximizing the performance of power amplifiers (PA). The
models of heterojunction bipolar transistor (HBT) multi-finger
cells are typically comprised of single-finger HBT models and
either a lumped-element equivalent circuit or a multi-port
scattering-parameter (S-parameter) representation of the
manifold. Inaccuracies in either the nonlinear transistor model
or the manifold can cause undesired performance or instability
of the PA. Correctly assessing stability through simulations is
critical for common-base (CB) transistors as they are inherently
unstable [1],[2].

Designers often verify the accuracy of their transistor
models using a simulation of the entire PA without analyzing the
accuracy of the simulations of the multi-finger cells [1],[3]. This
is a misleading method of model accuracy because matching
networks transform the input and output impedance of each cell
and dilute transistor modeling errors over multiple PA stages. In
this paper we examine various multi-finger cell simulations,
verify their performance through a comparison with
measurements, and comment on the benefits and effectiveness
of their use in PA design up to 220 GHz.

II. TRANSISTOR MANIFOLD SIMULATION VERIFICATION

To assess the accuracy of our multi-finger cell models, we
first examine constituent components: a via, a multi-finger
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Fig 1. Microscope images and simulator renderings of the via and short-circuit
manifold at the top row of the figure. Dotted lines in the via structure photos
indicate the calibration reference plane location. Measured and simulated (a) Sy,
of the via and (b) reflection coefficients of the short-circuit test structure.

manifold that is shorted, a single transistor, and a multi-finger
device. The via and short-circuit manifold are used to verify the
accuracy of the passive simulation with measurement in a high
transmission and high reflection condition, respectively. The
single HBT and multi-finger HBT are used to verify the
transistor model and cell.

All S-parameter measurements were taken with WRS.1
extender heads connected to a vector network analyzer (VNA)
operating from 140 to 230 GHz using an IF bandwidth of 300
Hz and no point averaging. We calibrated the measurements
using the microwave uncertainty framework (MUF) and the
multiline thru-reflect-line (mTRL) algorithm with characteristic
impedance (Zo) transformation to 50 Q, using microstrip (MS)
and grounded coplanar waveguide (G-CPW) calibration kits as
described in [4],[5]. The S-parameter response of the passive
circuits was simulated using a 2.5-D method-of-moments
commercial electromagnetic (EM) solver. In a commercially
available circuit simulator, we used the foundry HBT model and
the S-parameters from the EM solver of the manifolds [6],[7] to
simulate the multi-finger cell. All transistors are 130-nm Indium
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Phosphide (InP) HBTs located below a passive 3-layer metal
process with benzocyclobutene (BCB) in between the bottom,
middle, and top metallization layers as described in [8].

A. Via Characterization

In this process, the top-level metals are connected using vias
to the signal at the bottom layer metals where the transistors,
capacitors, and resistors are located. To set the measurement
reference plane a hybrid mTRL calibration technique presented
in [9] was used, where the top of the via is connected to a
microstrip line and the bottom of the via is connected to an
inverted G-CPW line. Both transmission lines have well defined
on-wafer reference planes obtained from their respective
calibration kits. This structure is shown in Fig. 1 and the
corresponding S-parameters are plotted in Fig. 1 (a). The
simulated Sp; phase of the via agrees very well with the
measurement with a maximum deviation of less than 5° across
the frequency band. The simulation, however, underestimates
the transmission loss by around 0.3 dB through most of the
frequency band.

B. Short-Circuit Manifold Test Structure

The short-circuit test structure has the same metallization as
the multi-finger cell but has the active transistor replaced with
metal. This structure is shown in Fig. 1 with its S-parameters
shown in Fig. 1 (b). Sz, has higher phase extent as compared to
Si1 as there is an extra 5 um of signal line from the reference
plane on the output of the structure. Similar to the via results, the
simulation underestimates the loss by a maximum of 0.05
magnitude, about a 0.35 dB difference, and has less than 5°
difference in phase.

C. Single Transistor

At the heart of the design process for the multi-finger cell is
the single-transistor model. The S-parameters of a 1x4 pm
common-emitter (CE) HBT were measured using the inverted
G-CPW calibration kit [5] to set the reference planes at the base
and collector HBT terminals. We compare the S-parameter
measurement with the foundry model in Fig. 2, at the class A
bias point (Vee 2.0 V, J; 9.62 mA/um?) and assume that our
single HBT measurements have the same reference plane as the
one used to extract the manufacturer’s model. The HBT
structure was measured at six different sites on the same wafer
in an attempt to capture the in-wafer manufacturing process
variation. We use the range, the difference between the highest
and lowest site values at a given frequency, to quantify the
measurement error and manufacturing error. For each
measurement and simulation, the base-emitter voltage (Vi.) was
adjusted to obtain a collector current density (Jc) of 9.62 mA/
um?. The DC resistance of our bias tees are accounted for in the
circuit simulation for accurate bias point comparison with
measurements.

As seen in Fig. 2 (a), the model overestimates the average
Si1 linear magnitude by around 0.1 and underestimates S by
around 0.16 across the band. The magnitude range of S1; and Sz
are 0.03 and 0.07, respectively. Figure 2 (b) shows the model
lagging the average Si; phase by 20° below 160 GHz and 12.5°
above. The model leads the phase of Sy, by 7.5° from 160 — 200
GHz and leads by 15° above 220 GHz. The phase range of S,
and Sy, are 12° and 10°, respectively. Figure 2 (c) shows the

77

V2V
J.:9.62 mA/um?

(a)

Sim. Meas.

S22

7

-50 F

s, Mag. (dB)

812 Phase (deg.)

180 200
Frequency (GHz)

160

Fig2. Measured (from six sites spread over a single wafer) and simulated S-
parameters of single-finger CE HBTs. (a) Magnitude and (b) phase of the
reflection coefficients. (c) Magnitude and (d) phase of the transmission
coefficients. Bias point: Ve: 2 V, J.: 9.62 mA/um?. Each gradient color (solid
line) corresponds to the measurement of the HBT at different sites on the wafer.

model underestimating the average S»; magnitude by 0.4 dB and
overestimating S, by 4 dB below 180 GHz and 1.5 dB above
180 GHz. The magnitude range of S»; and Si> are 0.7 dB and 1.5
dB, respectively.

D. Multi-Finger Cell

The multi-finger cell we studied connects four 1x4 um CE
HBTs in parallel. Since multi-finger cells are often used in a
microstrip configuration, we designed a manifold using a section
of microstrip transmission line and 2 vias on the input and output
to connect the 4 HBTs. The measured and simulated results are
shown in Fig. 3 and a photograph is shown in Fig. 3 (b).

Figure 3 (a) shows that the simulation overestimates the
average S linear magnitude by 0.07 and underestimates Sy, by
0.13. The magnitude ranges of Si; and S»; are 0.02 and 0.08,
respectively. Figure 3 (b) shows the simulation lagging the
average Si; by 7.5° below 170 GHz and 4° above. The
simulation lags the average Sx by 20° at 140 GHz decreasing to
10° from 180 - 230 GHz. The range of the S;; phase is 5° and
the range of Sy is 25° at 140 GHz decreasing to 10° from 180 —
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Fig3. Measured (from 5 sites spread over a single wafer) and simulated S-

parameters of four finger CE HBT cells. (a) Magnitude and (b) phase of the
reflection coefficients. (c) Magnitude and (d) phase of the transmission
coefficients. Bias point: Ve = 2.0 V, J. = 9.62 mA/um?® Each gradient color
(solid line) corresponds to the measurement of the cell at different sites of the
wafer. Photo of the structure inlayed in (b).

230 GHz. Figure 3 (c) shows the simulation underestimates the
S>1 magnitude by 1 dB at 140 GHz and decreases to 0 dB at 210
GHz. The simulation overestimates the average Si» magnitude
by -2.5 dB from 140 - 200 GHz, after which it decreases to -1.5
dB at 220 GHz. The range of the S,; magnitude is 1.0 dB at 140
GHz decreasing to 0.65 dB at 220 GHz and the range of Si» is
0.9 dB.

E. Discussion

The measurements of the via interconnect and the short-
circuit manifold test structures demonstrated that we can
accurately simulate the manifold of our multi-finger cell.
Discrepancies between measurement and simulation are likely
due to the accuracy of the single-finger model errors or
measurement errors. The model of the single-finger HBT and
the simulation of the multi-finger cell accurately predict the S,
but the model and simulation underestimate the S, magnitude
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by 0.16 and 0.13, respectively, and overestimates the S
magnitude by 0.1 and 0.065, respectively. This makes it difficult
to design a matching network around this multi-finger cell as the
design would be targeting an incorrect impedance.

Compared to the single-finger HBT model, the deviation in
S-parameters between simulation and measurement is either the
same or lower for the multi-finger cell, except for the phase of
S2, below 180 GHz. It is interesting to observe that the
discrepancies tend to not increase when going from a single
HBT to a cell that has four HBTs in parallel with an additional
manifold. There are three possible hypotheses for this. First,
measurement error could dominate the discrepancy between
simulation and measurement and are comparable for both the
single-finger HBT and the four-finger cell. Second, assuming
that the manufacturing variation for a single finger is
independent of its neighbors, one could expect an averaging of
the manufacturing variation affects across multiple fingers.
Third, the impedance transformation by the manifold may
increase or decrease the error depending on the frequency.

The ranges of the measured S-parameters for both the single
HBT and the multi-finger cell are partly due to a combination of
random measurement error and manufacturing repeatability.
Except for the phase of Si; and Sy, the spread of both structures
is less than the difference between simulation and measurement
average. Above 190 GHz, the spread of the S-parameters of the
multi-finger cell tends to be less than the single-finger HBT. We
note that since we have a few measurements we do not quantify
these differences using statistical analysis.

In both the single transistor and multi-finger cell structures,
differences between the model and measurement could be
attributed to many factors. All of our measurements were
conducted at the same class A bias point and the model may have
been optimized for a different bias point. Probe-to-probe
crosstalk could explain the S;» deviations in both structures.
Manufacturing variation and probe placement [4] error can
explain the high phase error and ranges of the measured
reflection coefficients. Measurement errors present in both the
manufacturer’s model extraction and the measured results
presented in this paper could also account for the deviations in
both reflection coefficients [4].

III. MULTI-FINGER CELL ANALYSIS

This section analyzes three different topologies of multi-
finger cells by comparing the ability of each cell’s simulation to
predict its measured performance. The three cells all adopt a 16
um emitter-periphery. The first multi-finger cell, presented in
the previous section, is realized with 4 CE fingers in parallel
(4x4 pm CE Direct cell), while the second cell uses 4 CE HBTs
(4x4 um CE Paired cell) that are split apart into pairs [1]. The
third cell consists of a 2x8 um CB cell [10], inspired by [11],
which directly biases the base connection and uses a shunt
capacitor stability network, series resistors for bias control, and
a bias tee. The three cells and their simulated and measured
results are shown in Fig. 4.

The first criterion for cell selection is how accurately the
input and output S-parameters are predicted by the simulation.
Figure 4 (a) shows that the simulation overestimates the Sy
magnitude of the CB cell by an average of 0.04, and
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overestimates the CE cells by 0.05 — 0.06. Figure 4 (c) shows
the simulation underestimating the S, magnitude by 0.05 for the
CB cell and 0.16 — 0.13 for the CE cells; an error three times the
CB error. This is surprising, since the CB cell has a more
complicated manifold with large shunt capacitors on the base
connection, introducing additional errors not present in the CE
cells. The overestimation and underestimation of S;; and Sy, are
consistent with the findings of the previous section. Figures 4
(b) and (c) show that all cells have similar phase agreement with
simulation and Fig. 4 (f) shows that the simulation also predicts
the gain similarly. Overall, designs using this CB cell will have
more predictable performance than designs that use either of the
two CE cells.

The second criterion for cell selection is stability. Figure 4
(e) shows the simulation predicting the stability of the two CE
cells more accurately than the CB cell. Figure 4 (c) shows the
measured S;; magnitude rising above 1.0 at low frequencies
which explains the low K-factor, and thus conditional stability,
of the CB cell as seen in Fig. 4 (e). The simulated S;; magnitude
incorrectly predicted a K-factor that is near 1.0 across the
frequency band, as the cell was originally designed. To rule out
any simulation errors of the base inductance of the CB cell, we
ran a separate simulation that added a 1.5 pH inductor to all base
connections [1] and found that this inductance had a negligible
impact on the K-factor. The measured results suggest adding
additional capacitance to the base of the CB cell to stabilize it.
Combined with the findings of the previous section where the
errors with simulation and range were larger at the lower portion
of the band for most S-parameters, extra caution is required in
avoiding oscillations. Assuming that additional capacitance is
not added to the CB cell, the two CE cells will have a lower risk
of oscillation than the CB cell.

IV. CONCLUSION

In this work we verified the simulation methodology for our
multi-finger HBT cells and found that deviations between
simulations and measurements were dominated primarily by
single HBT model error, measurement error, and potential
manufacturing variation of the transistors. After verifying the
accuracy of one cell, we compared three different multi-finger
cells and determined that our CB cell requires more capacitance
on the base connection to stabilize it, and that our CE cells have
less risk of oscillation. However, the simulation better predicted
the Si; and especially the Sy of the CB cell making it a more
reliable choice in a multi-stage amplifier than the CE cells.
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