
IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 46, NO. 9, SEPTEMBER 1998 1321

Intermodulation Analysis of the Collector-Up
InGaAs/InAlAs/InP HBT

Using Volterra Series

Bin Li and Sheila Prasad

Abstract—The intermodulation (IM) distortion of the collector-up
InGaAs/InAlAs/InP heterojunction bipolar transistor (HBT) is analyzed
using Volterra-series theory. A T-equivalent circuit is used for this
analysis. The contribution and interaction of four nonlinear elements:
base–emitter resistance, base–emitter capacitance, base–collector capac-
itance, and common base–current gain are analyzed. For the particular
device under investigation, it is found that the cancellation effect is not
significant and the base–emitter resistance nonlinearity dominates the
third-order IM.

Index Terms—Collector-up HBT, intermodulation, Volterra series.

I. INTRODUCTION

Heterojunction bipolar transistors (HBT’s) have been widely used
in microwave power applications. Nonlinearity creates intermodula-
tion (IM) distortion and is one of the key issues in power-application
design. The Volterra series has been extensively used for modeling
frequency-dependent distortion in weakly nonlinear circuits [1], [2] or
for a small-signal excitation. Compared to harmonic-balance analysis,
this technique provides the ability to understand the contribution
and interaction of each nonlinear element. Much work has been
done to explain the good linearity properties of HBT’s despite the
high exponential nonlinearity existing in the base–emitter junction.
The partial cancellation effect of the IM currents generated by the
base–emitter resistive and capacitive elements has been reported
by Maas [3]. A cancellation effect through the interaction of the
base–emitter nonlinear resistance and current gain has been reported
by Samelis [4].

Since InGaAs-based HBT’s are mainly used in low-power high-
speed applications, not much work has been carried out on their
power characteristics. A low third-order intercept point (IP3) (13
dBm) has been reported in [5] for the collector-up InGaAs/InAlAs/InP
HBT’s. This paper presents an IM analysis for collector-up HBT’s
based on the Volterra-series theory and explains why the low IP3 is
present in InGaAs/InAlAs/InP HBT’s. A T-equivalent circuit based
on physical mechanisms is used. Section II gives the large-signal
model and Volterra-series-analysis procedure. Section III gives the
experimental characterization. Section IV analyzes the interaction of
nonlinear elements and compares the measurement and simulation
results. The conclusion is given in Section V.

II. V OLTERRA-SERIES ANALYSIS

The large-signal equivalent circuit of the collector-up HBT used
for IM analysis is shown in Fig. 1. Since the extrinsic base–collector
capacitance is negligible in the collector-up HBT’s [6], [7], the
equivalent circuit is simpler than that of the normal HBT. The
technique used for extracting the element values is discussed in
Section III. The four major sources of nonlinearity are: 1) the
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Fig. 1. The large-signal equivalent circuit of the collector-up HBT.

base–emitter resistancegbe; 2) the base–emitter capacitancecbe; 3)
the base–collector capacitancecbc; and 4) the common base–current
gain �. Under small-signal excitation, the base–emitter resistive
characteristic can be expressed as a Taylor series in the vicinity of
the bias point

igbe = g1vbe + g2v
2

be + g3v
3

be (1)

where gi; i = 1; 2; 3 are polynomial coefficients andvbe is the
base–emitter small-signal voltage.

The base–emitter and base–collector capacitances have the small-
signal charge/voltage characteristic

qcbe = c1vbe + c2v
2

be + c3v
3

be (2)

qcbc = c0

1vbc + c0

2v
2

bc + c0

3v
3

bc (3)

whereci andc0

i, like gi, are polynomial coefficients. The small-signal
current in the capacitance is@qcbe=@t and@qcbc=@t.

The nonlinearity of the common base–current gain is described as

� =�dc

1

1 + j!=!�
e�j!� (4)

�dc =�01 + �02ie + �03i
2

e: (5)

For simplicity, the bias dependence and the frequency dependence
of � are considered to be uncorrelated. In fact, the transit time�
and !� are both functions of dc bias. The error introduced by the
assumption should not be significant since the frequency used for IM
analysis has not gone up to the millimeter frequency level and a lower
power input is used in the measurement and analysis (the bias swing
would be small). Moreover, the transit time is insensitive to the bias
variation because there is an undoped buffer layer between base and
collector [8]. For large power inputs and millimeter-wave applications
where the transit time effects and voltage swings are much larger, the
above assumption has to be reexamined for small errors [9].

Therefore, after rearrangement we have

� = �1 + �2ie + �3i
2

e (6)

where�i = �0i[1=(1 + j!=!�)] � e�j!� ; i = 1; 2; 3.
The nonlinear-current method [10] was used to implement the

Volterra-series theory. In this technique, current components are cal-
culated from voltage components of lower order. Voltage components
of the same order are then determined from those currents, and the
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TABLE I
THE PARAMETER VALUES FOR VOLTERRA-SERIES ANALYSIS

next higher order currents are found. Therefore, nonlinear high-order
load voltages and the power absorbed by the load can be easily
evaluated.

III. EXPERIMENTAL CHARCACTERIZATION

The device under investigation is a 5� 10 �m2

InGaAs/InAlAs/InP collector-up HBT withfT = 23 GHz and
fmax = 20 GHz. The two-tone IM measurement at frequencies
f1 = 6:02 GHz andf2 = 6:08 GHz was performed to verify the
analysis. The magnitudes of two-tone signals are the same. The
device was biased at the constant base–current withIB = 170 �A
and VCE = 1:5 V. Multibias S-parameter measurements in the
0.45- to 40-GHz frequency range were performed using the HP8510
network analyzer and the Cascade probe station. Equivalent-circuit
elements at each bias were extracted by fitting the equivalent-circuit
parameters to minimize the error between simulatedS-parameters
and measuredS-parameters. Parasitic and extrinsic elementsLc,
Lb, Le, Rb, Rc, and RE are considered to be bias-independent,
while four nonlinear elements are bias-dependent. The nonlinear
elements are approximately assumed to be the function of only a
single variable (vbe, vbc, or ie). This assumption greatly reduces the
complexity of this analysis. The nonlinear base–emitter resistance
was chosen as a representative example for illustrating the derivation
of the polynomial coefficients in (1). The extracted small-signal
conductance was fitted to a polynomial expressiong(V ), where
V represents the intrinsic base–emitter voltage. It is noted that
g(V ) = (dI=dV ), whereI(V ) is the large-signalI–V characteristic
to model the base–emitter resistance. Therefore,

g1 = g(VBE)

g2 =1=2
dg

dV
V=V

g3 =1=6
d2g

dV 2

V=V

: (7)

Similar derivations are applied to the nonlinear elementscbe, cbc,
and �. All the values needed to perform a Volterra-series analysis
are listed in Table I.

Fig. 2. V2; ce(2!2) versus the excitation voltage.

The source and load impedances are assumed to be 50
 at dc
and at all mixing frequencies up to the third order. The measured
terminations are very close to 50
 at dc and at mixing frequencies
up to the third order. The selected bias point isIb = 170�A, Vce =
1:5 V. There is no obvious difference if the measured impedances
are used in this analysis.

IV. IM A NALYSIS

The calculation for voltage or current components at different
mixing frequencies is straightforward from basic circuit theory once
all the element values and polynomial coefficients are known. Fig. 2
shows the magnitudes of the collector–emitter voltage components
at the frequency2!2 versus the input voltage. The magnitude of the
component fromgbe is much larger than that from the other nonlinear
elements. The phase differences of those components are considered
constants if terminations are assumed to be 50
 at dc and at all
mixing frequencies up to the third order. The phases of components
from gbe, cbe, cbc, � are 0:11�, 0:61�, and�0:34�, and 0:23�,
respectively. The phase difference between the components fromcbe
andcbc is almost� and cancellation occurs between the components
from these two elements. The phases of the components fromgbe
and� are almost identical; therefore, an enhancement effect occurs
and the total voltage is a little larger than that fromgbe. Since the
magnitudes of components from the capacitances are close to each
other and the magnitude of� is much smaller, the final phase and
magnitude ofV2; ce(2!2) is dominated by the component fromgbe.

The collector–emitter voltageVce at frequency!1 � !2 is also
dominated by the nonlinearity of the base–emitter resistance because
the magnitude of components fromcbe, cbc, and� is very small,
as shown in Fig. 3. The phases of components fromgbe, cbe, cbc,
and� are approximated to�, �0:50�, 0:50�, and�, respectively.
The phase difference betweencbc, cbe is � and cancellation should
occur. The phases of components fromgbe and� are the same, so
some enhancement effect occurs. However, the significant difference
between the magnitude ofV2; ce(!2 � !1) components generated
by gbe and the other nonlinear elements make the cancellation
and enhancement effects negligible. The second-order component at
!2 � !1 is much larger than that at2!2. Therefore, the voltage
component at2!2 � !1 is dominated by the mixing product from
the frequency!2�!1 in this device. The contribution and impact of
the nonlinear elements on IMD3 can be determined by examining
the third-order nonlinear voltageVce generated by each element
at frequency2!2 � !1. Fig. 4 shows the third-order nonlinear
collector–emitter voltage generated by four nonlinear elements with
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Fig. 3. V2;ce(!2 � !1) versus the excitation voltage.

Fig. 4. The nonlinear voltage at2!2 � !1 generated by four nonlinear
elements.

respect to the excitation voltage. In this particular device, at this
bias point, it is observed that the magnitudes ofV3; ce(2!2 � !1)
generated bycbe, cbc, and� are much less than that generated by
gbe. The phases ofV3; ce(2!2 � !1) generated fromgbe, cbe, cbc,
and� are�0:66�, �0:16�, �0:18�, and0:37�, respectively. The
phase difference of nonlinear voltages from� andgbe is close to�,
which confirms the possible cancellation effect reported by Samelis
[4]. However, the magnitude of the nonlinear current from� is much
smaller compared to that fromgbe. Therefore, the components from
� can be negligible and the cancellation is not significant. The phase
difference ofV3; ce(2!2 � !1) generated fromgbe and cbe is �=2.
The same phase difference exists between the components ofgbe
and cbc. Therefore, for this particular device, the nonlinearity of
the base–emitter resistance dominates the third-order IM distortion
(IMD3). The cancellation is hardly observed in the interaction of
nonlinear elements. This also explains why the IMD3 (13 dBm) is so
low in this particular device. The simulation and measurement results
of the IMD3 are shown in Fig. 5.

V. CONCLUSIONS

The IM-distortion performance was studied by Volterra-series the-
ory. The T-type equivalent circuit was used in this investigation. The
polynomial coefficients of nonlinear elements are obtained by fitting
nonlinear elements with respect to the bias variation. The nonlinear-

Fig. 5. The simulated and measured IMD3.

current method was used to implement the Volterra-series theory. The
results of this analysis show that the interactions and contributions of
nonlinear elements are very much device dependent. For the device
under study, the cancellation did occur. However, this cancellation
was not significant due to the difference in magnitudes of the mixing
components from the different nonlinear elements. The nonlinearity
of this device is dominated by the base–emitter resistive nonlinearity.
This also explains the low IM intercept point of this particular HBT.
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