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Fig. 8. Up-converter conversion gain and RF output power versus IF power.

Fig. 9. Up-converter conversion gain versus IF frequency.

Fig. 10. Up-converter conversion gain versus LO power.

applied to the source terminal. With an LO power and frequency of
7 dBm and 60.4 GHz, both converters can operate at any IF frequency
within 0.5–2 GHz, with a corresponding conversion gain within�7 to
�12 dB, which is primarily dominated by the related filter’s insertion
loss. The frequency converters reported in this paper are expected to
find applications in millimeter-wave wireless LAN systems.
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Physical Scaling Rules for AlGaAs/GaAs Power HBT’s
Based on a Small-Signal Equivalent Circuit

U. Schaper and P. Zwicknagl

Abstract—Physical scaling rules for AlGaAs/GaAs heterojunction bipo-
lar transistors (HBT’s) containing 2–16 emitter fingers are demonstrated.
The parameter extraction is based on a small-signal equivalent circuit.
The scaling parameters compare favorably with the measured data from
the process control monitor.

Index Terms—Heterojunction bipolar transistor, parameter extraction,
scaling rules, small-signal model.

I. INTRODUCTION

GaAs-based heterojunction bipolar transistors (HBT’s) are promis-
ing power devices forL-band (mobile telephone) andX-band (radar)
applications. Based on a T-shaped small-signal equivalent circuit,
scaling rules for multifinger power HBT’s have been derived to
allow for the optimization of multiemitter cell design and monolithic
microwave integrated circuits (MMIC’s). Each circuit element is
assigned a physical property by comparison with the equivalent circuit
of the HBT topology. The derived physical scaling rules hold not only
for various emitter areas [1], but also for all critical device design
parameters. As a result, the rules can be used to evaluate multifinger
unit cells [2] and provide feedback for process control data.
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TABLE I
SCALING RESULTS AND COMPARISONWITH PROCESSDATA. FOR THE DETERMINATION OF CONTACT RESISTIVITIES, THE TRANSFER LENGTH LT IS USED.

COLLECTOR AND SUBCOLLECTOR LAYERS OF THE DEVICE ARE REPRESENTED IN THEEQUIVALENT CIRCUIT BY ONE ELEMENT, THE

COLLECTOR SHEET RESISTANCERC . THE MEASURED JUNCTION CAPACITIES DEPEND ON THE JUNCTION VOLTAGES.
THE SCALING RULES SHOW THAT THE APPLIED VOLTAGE IS ACTIVE ONLY FOR THE INTRINSIC DEVICE

II. POWER DEVICE

The power HBT’s are fabricated by the Siemens HBT process
on 3-in AlGaAs/GaAs wafers grown by metal–organic chemical-
vapor disposition (MOCVD). The key steps of this process are:
1) photolithography performed by i-line stepper; 2) device mesa
isolation by dry etching; 3) perfectly flat planarization using plasma-
enhanced silicon nitride; 4) ohmic contact: Ni/Ge/Au for the n-contact
and Pt/Ti/Pt/Au for the p-contact; and 5) wafer thinning down to 100
�m. A cross section of the HBT along with the layer thicknesses and
doping levels is shown in Fig. 1. A fishbone-type layout (see Fig. 2)
has been chosen, which is characterized by two rows of transistor
cells. The transistor bases are fed through a central metallization.
The collectors are connected and combined to the right of the figure
and the emitter contacts are supplied from the top and bottom sides.
All transistor terminals are connected by airbridges. Typical data for
the HBT with 120-�m2 emitter area at current densityjC = 5 � 10

4

A/cm2 andVCE = 3 V are: 1) current gain� = 20–30; 2) transit
frequencyfT > 30 GHz; and 3) base–collector breakdown voltage
VBCO = 20 V.

III. M ETHOD

The physical scaling rules are based on an equivalent circuit
(see Fig. 3), the elements of which can be related to the cross
section of the device (see Fig. 1). The element pairs (L1, R1),
(L2, R2), and (L0, R0) describe the interconnect inductance and the
contact resistance of the device terminals base, collector, and emitter,
respectively. The sheet resistance of base and collector are given
by RB andRC based on the current path from the internal device
to the ohmic contacts. The base–collector junction capacitances are
CF andCQ for the external and internal parts of the junction. The
output resistanceRQ is in parallel to the current source driven by

Fig. 1. Schematic cross section of the AlGaAs/GaAs HBT with layer thick-
nesses and doping levels.

the emitter currentIE . The current source is described by the dc
emitter-to-collector current ratio�0 = IE=IC and the 3-dB corner-
frequencyF3dB. The remaining parameterRE andCE characterize
the base–emitter junction. The resistanceRE is a function of the
emitter current through the forward-biased diode, the capacitance
CE describes the transit time.

Parameter extraction based on the previously reported analytical
method [3] has been applied toS-parameters measured from 1 to
26 GHz. HBT’s with emitter lengths from 20 to 30�m, emitter
widths from 2 to 3�m, and emitter finger numbersnE from 2 to
16 were used. Thus, the total emitter area varies by a factor of eight
from 120 to 960�m2. The diced HBT’s belong to several wafers
and have been depicted at random from different areas of the wafer.
For the derivation of scaling rules, the HBT’s are operated under
bias conditions suitable for a comparison. Each HBT was biased at
VCE = 3 V with a collector current density ofjC = 5 � 10

4 A/cm2,
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Fig. 2. Fishbone-type multifinger HBT with 2� 5 HBT cells.

Fig. 3. Small-signal equivalent circuit.

Fig. 4. External base–collector junction capacitanceCF versus base–
collector junction areaABC .

which is a typical bias point for power applications. The current
density instead of the current is held constant for each HBT to achieve
almost equal operating conditions, including the self-heating effect.
The scaling rules are not restricted to this chosen bias point, they
apply equally well in the active range of the HBT.

Fig. 5. Base contact resistanceR1 versus the inverse of the base contact
areaABM .

Fig. 6. Base series inductanceL1 versus the inverse of the numbernE
of emitter fingers. Each transistor base contact is fed from a central line of
metallization, which is seen here as an inductance offset of 38 pH.

Fig. 7. Base sheet resistanceRB versus number of squaressqBE between
base and emitter.

IV. RESULTS

The key point of the analysis is to plot the small-signal model
parameters versus their appropriate geometrical parameter: junction
area, contact area, contact length, and contact distance or number of
fingers. This analysis represents the physical nature of the device
and reveals the close link of the equivalent circuit of the active
device and the process data measured on test structures of the process
control monitor. The result of this analysis are physical scaling rules.
Several examples are given in the following figures (the complete
data are listed in Table I). The external base–collector capacitance
CF is plotted versus the base–collector junction areaABC (see
Fig. 4) giving a specific capacitance of 0.42 fF/�m2. The base contact
resistanceR1 is proportional to the inverse of the base contact
areaABM (see Fig. 5) resulting in a specific contact resistivity�1
of 8.1 � 10�6 
 � cm2. The base series inductanceL1 is split into the
part for the central feed line, which is seen as an offset inL1 and the
part which is dependent on the number of fingers used in the transistor
(see Fig. 6). The sheet resistanceRB depends on the base–emitter
spacing shown as a function of the number of squaressqBE between
base and emitter contacts (see Fig. 7). This dependence is determined
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to be 330
/ . Thus, for each model parameter, a scaling rule is
derived. These scaling rules are compared with the process data in
Table I. The process parameters are determined from test structures
of the process control monitor of the Siemens HBT process. The
process data range, e.g., for the base contact, includes variations both
of process inhomogeneity and base layer properties along a whole
wafer. The deviations of the small-signal model parameters from the
regression line are due to the arbitrary selected sample. Nevertheless,
the scaling parameters compare favorably with the process data, the
agreement being better than 10%. The bias condition served as a basis
for the derivation of the scaling rules; these rules are not restricted to
this bias point, they apply to the normal active region of the transistor.
The self-heating effect of the HBT is considered in two aspects. First,
the HBT’s are operated under constant current density to achieve
almost equal conditions for a comparison. Second, the larger the HBT
area, the more pronounced the self-heating effect for the device. This
feature is captured in the decrease of the current source parameters
�0 andF3dB with the increase of the area (see Table I).

V. CONCLUSION

Physical scaling rules for AlGaAs/GaAs power HBT’s with 2–16
emitter fingers of 120–960-�m2 emitter areas have been devel-
oped. The parameter extraction method was based on a small-signal
T-shaped equivalent circuit. From the small-signal model, scaling
rules with scaling parameters has been established based on the
physical interpretation of each equivalent circuit parameter. The
scaling parameters compare favorably with the measured data from
the process control monitor. The scaling rules can provide a basis for
layout of power transistors and for the control of critical performance
parameters.
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Calibration and Verification of the Pure-Mode
Vector Network Analyzer

David E. Bockelman and William R. Eisenstadt

Abstract—In this paper, the calibration of a pure-mode vector network
analyzer (PMVNA) is presented in detail. The analyzer is intended for
the measurement of mixed-mode scattering parameters (s-parameters)
of differential circuits, but is also suitable for measurement of general
microwave networks with up to four ports. The theory of calibration
of the analyzer is developed in terms of a general n-port analyzer,
including the correction of port-to-port crosstalk. The type of the stan-
dards used in calibration is examined, and the minimum number of
standards are summarized for various levels of crosstalk correction. A
new standard—called a generalized through, desirable for all multiport
network analyzer calibrations—is introduced. A calibration is performed
from 0.25 to 25.25 GHz based on standards with coaxial connectors, and
verification standards are measured. The measured data is compared
with National Institute of Standards and Technology (NIST) traceable
measurements, and errors are found to generally less than�1 dB in
transmission. In many cases, the error is less than the uncertainty of the
NIST traceable measurements.

Index Terms—Calibration, measurement, measurement standards, net-
works.

I. INTRODUCTION

Differential circuits are becoming increasingly important in radio
frequency (RF) and microwave applications, particularly in integrated
circuits (IC’s). The differential circuit topology is being widely
adopted in RF IC’s due to its crosstalk immunity and increased
dynamic range over ground-referenced circuits. This increase in
differential applications at RF has lead to the development of scatter-
ing parameter (s-parameter) based characterization of these circuits,
known as mixed-modes-parameters [1].

Accurate measurements are ultimately required for any RF dif-
ferential application, but the measurement of differential circuits
has been a significant problem. Recently, a new specialized vec-
tor network analyzer (VNA) system has been developed for the
measurement of differential circuits [2]. This new analyzer, called
a pure-mode VNA (PMVNA), stimulates and measures the device
under test (DUT) with the two fundamental modes of differential
circuit operation: the differential mode and the common mode.
Special considerations required for the accurate calibration of the
PMVNA and the results of a practical implementation of the PMVNA
calibration are presented in this paper. This paper is organized as
follows. In Section II, the error model of the PMVNA is presented
and the basic calibration equation is given. The removal of switching
effects is also covered in this section. Section III provides details of
the solution of the calibration problem. Section IV presents measured
results and verification through comparison to National Institute of
Standards and Technology (NIST) traceable data, and conclusions
are given in Section V.
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