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Abstract—An accurate deembedding technique for on-wafer
measurements of an active device’s -parameter is presented in
this paper. This deembedding technique accounts in a systematic
way for effect of all parasitic elements surrounding the device.
These parasitic elements are modeled as a four-port network.
Closed-form equations are derived for deembedding purposes of
this four-port network. The proposed deembedding technique was
used to extract small-signal model parameters of a 2 25 m
emitter GaInP/GaAs heterojunction bipolar transistor device,
and excellent agreement between measured and model-simulated

-parameter was obtained up to 30 GHz.

Index Terms—Device characterization, four-port network, mi-
crowave on-wafer measurements, -parameter deembedding.

I. INTRODUCTION

FOR THE development of microwave circuit applications
using heterojunction bipolar transistor (HBT) devices,

it is essential to use an accurate HBT’s equivalent-circuit
model to simulate circuit performances at microwave and
millimeter-wave frequencies. The first stage of the modeling
process is to deembed intrinsic device response from parasitic
network associated with the on-wafer measurement environ-
ment. The normal approach is by means of a short, an open,
a load, and a through test structures to characterize the device
interconnects. This means that each device with a specific ge-
ometry and size will require an appropriate test structure to be
fabricated [1], which is not usually possible in practice because
of wafer area consumption. In addition, each device has to be
measured with an appropriate calibration of the network ana-
lyzer. This further complicates the measurements for automated
parameter extraction and affects speed of monitoring process.
In practice, it is impossible to measure the-parameter by
putting the probes directly on the terminals of the intrinsic part
of the device (see reference planes 3 and 4 in Fig. 1). This is
due to smaller surface of these terminals compared to the probe
size and to the fact that these terminals are not aligned with the
probe tips. Furthermore, measuring the device with the probe
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tips so close can result in an extra coupling and leakage effects
that influence accuracy of the measurements and extraction of
the device’s model parameters. It is well known that a more
complete equivalent circuit for parasitics is necessary for accu-
rate HBT device modeling at high frequencies. In addition, the
parasitics of the equivalent-circuit model should also be easy
to extract, which is not usually the case, and, in many cases,
supplementary measurements have to be performed at specific
bias conditions: reverse/forward-bias measurements [2], [3].

This paper presents an accurate deembedding technique suit-
able for quick evaluation of the device properties. In this tech-
nique, the parasitic elements surrounding the device are taken
to be a generic four-port network without any need to model
them with an equivalent circuit, as usually done in the previous
techniques. These parasitic elements are then deembedded ana-
lytically using a derived closed-form equations.

This paper is organized as follows. In Section II, the pro-
cedure of deembedding the parasitic four-port network is pre-
sented. Section III then reports an experimental validation on
HBT devices of the deembedding technique. Conclusions are
given in Section IV.

II. DEEMBEDDING METHOD

The proposed deembedding method is outlined in the fol-
lowing three steps.

Step 1) Firstly, the measurement system has to be calibrated,
defining reference planes for the-parameter mea-
surements at the end of the open pads (reference
planes 1 and 2 in Fig. 1) using a standard calibration
technique [i.e., short–open–load–through (SOLT)].

Step 2) Secondly, the measured data needs to be deem-
bedded to bring the reference planes at the intrinsic
device terminals (reference planes 3 and 4 in Fig. 1).
The network to be deembedded from the measured
data is provided in the form of a four-port-param-
eter network modeled with an electromagnetic (EM)
simulator where details about the device layout are
supplied by the user. This four-port network in
relation with the device model is represented in
Fig. 2.

Step 3) Finally, the simulated four-port network is
then deembedded analytically using a derived
closed-form equations since the topology of the
metalwork connected with the intrinsic device is
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Fig. 1. Layout of a 2� 25�m HBT device and the reference planes of EM simulation and SOLT calibration.

Fig. 2. Schematic of the four-port passive structure embedded with the HBT device.

not a standard topology (cascade, series, parallel).
These equations are determined as follows.

The -parameters of the active device at reference planes 1
and 2 (see Fig. 1) are determined from the corresponding mea-
sured -parameters. These parameters are defined as fol-
lows:

(1)

The -parameters of the active device at reference planes 3
and 4 (see Fig. 1) are defined by the following equations:

(2)
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The -parameters of the four-port network are defined by the
following equations:

(3)

(4)

From (1) and (3), we get

(5)

with

From (4) and (5), we get

(6)

with

and

By equalizing (6) to (2), one can determine the-parameter ma-
trix of the active device at reference planes 3 and 4 (see Fig. 1)
as follows:

thus

Fig. 3. Schematic diagram of the deembedding procedure.

Fig. 4. Measured (�) and deembedded (+) S-parameter of a 2� 25 �m
HBT from 40 MHz to 30 GHz.

with

A schematic diagram resuming the deembedding procedure is
presented in Fig. 3.

III. EXPERIMENTAL VALIDATION

Several 2 25 m GaInP/GaAs HBT devices were mea-
sured, and deembedding results are presented. The measure-
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Fig. 5. Small-signal equivalent circuit of the GaInP/GaAs HBT.

Fig. 6. Measured (�) and model-calculated (+)S-parameter of a 2� 25�m
HBT from 40 MHz to 30 GHz.

ments were performed with a microwave probing system and
a vector network analyzer (VNA) over the frequency range of
40 MHz to 30 GHz. Fig. 4 displays the measured-parameters
of the common-emitter HBT for the bias condition ( 10 mA,

2 V, 50 A) and the corresponding deembedded
-parameters. The measurements show that the parasitics have

both capacitive and inductive effects on and . shows
a capacitive behavior up to 30 GHz due to the relatively high
value of base–emitter capacitance (), and the inductive par-
asitic is responsible for the extra rotation in the raw data as the
frequency increases. also shows a smaller collector capaci-
tance. is smaller in magnitude and has a smaller phase
rotation. The significance of being able to deembed a four-port
network is being able to account for the common terms between
the base and collector interconnects, i.e., the emitter inductances
or elements that contribute to and . The simulation of a
2 25 m emitter HBT transistor interconnects had and

equal to 26 dB at 30 GHz.

TABLE I
EXTRACTED PARAMETER VALUES OF THESMALL -SIGNAL HBT MODEL

(I = 10 mA,V = 2 V, I = 50�A)

This deembedding method was also used in the extraction of
the tested small-signal HBT devices where the intrinsic parame-
ters of the model (Fig. 5) were determined by optimization using
the HP Microwave Design System (HP MDS). Several trials
were carried out in order to apply the same optimization rou-
tine to the measured data by using the same equivalent circuit
and without deembedding the parasitic structure, but it was not
possible to fit the measured-parameters fully up to 30 GHz.
This shows the necessity of taking into account the parasitic pa-
rameters when extracting the device small-signal model.

Fig. 6 presents the calculated and measured-parameters
after deembedding the passive structure surrounding the device.
The extracted parameter values are listed in Table I. The ex-
cellent agreement of the fitted-parameters from 40 MHz up
to 30 GHz without taking into account any parasitic elements
proves the validity and the accuracy of the new deembedding
procedure. The residual error quantifying the accuracy of the
data fitting was less then 1%. This residual error is defined ac-
cording to the following function:

where is the number of considered frequency points,
is the measured -parameter at the frequency, and
is the calculated corresponding-parameter coefficient derived
from extracted values of the model parameters.

IV. CONCLUSIONS

An accurate deembedding procedure for on-wafer high-fre-
quency measurements has been developed and implemented.
This procedure provides a systematic way to analytically
deembed the parasitic elements surrounding the device in-
cluding common elements between its input and output ports.
This procedure uses a standard SOLT calibration technique to
bring the measurement reference planes to the intrinsic device
terminals, an EM simulation that allows the determination of
the -parameters of the parasitic four-port structure, and a
closed-form equations to deembed the metalwork between the
external and internal reference planes are used. The excellent
agreement between deembedded-measured and model-fitted

-parameter up to 30 GHz of a 225 m emitter GaInP/GaAs
HBT device proves the validity and accuracy of the proposed
technique.
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