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Intermodulation Analysis of the Collector-Up
InGaAs/InAlAs/InP HBT
Using Volterra Series R VAR ~
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Abstract—The intermodulation (IM) distortion of the collector-up [}
InGaAs/InAlAs/InP heterojunction bipolar transistor (HBT) is analyzed
using \olterra-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 capao{/) Vs
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.

Fig. 1. The large-signal equivalent circuit of the collector-up HBT.
|. INTRODUCTION

Heterojunction bipolar transistors (HBT's) have been widely usetgase—emitter resistange..; 2) the base—emitter capacitanag; 3)

in microwave power applications. Nonlinearity creates intermodul?ﬁ ; )
. . . . . . .. the base—collector capacitangg; and 4) the common base—current
tion (IM) distortion and is one of the key issues in power-application_:

desi . . ain «. Under small-signal excitation, the base—emitter resistive
esign. The \olterra series has been extensively used for model - o L
frequency-dependent distortion in weakly nonlinear circuits [1], [2] of racteristic can be expressed as a Taylor series in the vicinity of
. o . the bias point

for a small-signal excitation. Compared to harmonic-balance analysis,
this technique provides the ability to understand the contribution igbe = J1Ube + govio + gsvie @)
and interaction of each nonlinear element. Much work has been . . . )
done to explain the good linearity properties of HBT's despite th\ghere gi 1= 1,2, 3_ are polynomial coefficients and,. is the
high exponential nonlinearity existing in the base—emitter jun(:tio}?.ase_emltter srr_1a||-5|gnal voltage. )
The partial cancellation effect of the IM currents generated by theThe base—emitter and base—gol_lector capacitances have the small-
base—emitter resistive and capacitive elements has been repoﬂgaal charge/voltage characteristic
by Maas [3]. A cancellation effect through the interaction of the Qebe = C1Upe + C20he + 30, 2
base—emitter nonlinear resistance and current gain has been reported
by Samelis [4].

Since InGaAs-based HBT'’s are mainly used in low-power higtwherec; andc’, like g;, are polynomial coefficients. The small-signal
speed applications, not much work has been carried out on theirrent in the capacitance &j.../d9¢ and dqen./9t.
power characteristics. A low third-order intercept point (IP3) (13 The nonlinearity of the common base—current gain is described as
dBm) has been reported in [5] for the collector-up InGaAs/InAlAs/InP 1 Cer
HBT'’s. This paper presents an IM analysis for collector-up HBT's « :a’dvm (4)
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 Il gives the large-signakor simplicity, the bias dependence and the frequency dependence
model and Volterra-series-analysis procedure. Section Ill gives 8« are considered to be uncorrelated. In fact, the transit time
experimental characterization. Section IV analyzes the interactiona¥d .., are both functions of dc bias. The error introduced by the
nonlinear elements and compares the measurement and simulagigsumption should not be significant since the frequency used for IM

! ! 2 ! 3
Gebe = ¢hvpe + chote + chol 3

! /. ! .2
Qde =& + qgie + azi;. (5)

results. The conclusion is given in Section V. 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
II. VOLTERRA-SERIES ANALYSIS would be small). Moreover, the transit time is insensitive to the bias

. . — variation because there is an undoped buffer layer between base and
The large-signal equivalent circuit of the collector-up HBT used . - L
o2 o . . collector [8]. For large power inputs and millimeter-wave applications

for IM analysis is shown in Fig. 1. Since the extrinsic base_Couecu\ﬁhere the transit time effects and voltage swings are much larger, the
capacitance is negligible in the collector-up HBT's [6], [7], the . ag Y ger.

) L TP above assumption has to be reexamined for small errors [9].
equivalent circuit is simpler than that of the normal HBT. The

. . - . Therefore, after rearrangement we have

technique used for extracting the element values is discussed in

Section lll. The four major sources of nonlinearity are: 1) the o= a1 + asie + agic (6)

Manuscript received September 2, 1997; revised May 4, 1998. This reseaphere o; = a/;[l/(l +jw/wa)] X e 77T i =1, 2, 3.

was supported in part by the National Science Foundation under Grant ECSThe nonlinear-current method [10] was used to implement the
9529643.

The authors are with the Department of Electrical and Computer Engineé/'QIterra-serles theory. In this technique, current components are cal-
ing, Northeastern University, Boston, MA 02115 USA. culated from voltage components of lower order. Voltage components

Publisher Item Identifier S 0018-9480(98)06161-4. of the same order are then determined from those currents, and the

0018-9480/98$10.00 1998 IEEE



1322 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 46, NO. 9, SEPTEMBER 1998

TABLE | 0.012
THE PARAMETER VALUES FOR VOLTERRA-SERIES ANALYSIS
Parameters Values 0.01F 3
Ry, () 170 *
Rc (Q) 19 . component from base emitter resistance % ’
RE (Q) 42.8 0.008 o : component from base emitter capacitance
— * : component from base collector capacitance
Lc (pH) 140 =z + : component from alpha X
L H o x : total collector emitter voltage at 2w2
s (PH) 16 go 006k i
L. (pH) 10 3 *
af 0.96 o x
o 0.8 0.004 x
o 0 .
T le-12 «
Ig (A) 0.17e-3 0.002 . o ° %
Vee (V) 0.589 % s 2 i x X
% o
Voo (V) 061 e iae e 8 8800
Ic (A) 1.995€-3 S s 0.1 015 0.2 0.25 0.3
a0 (5) 0.0713 input voltage (V)
g2 (5/V) 1.3017 Fig. 2. V2 (2w2) versus the excitation voltage.
g3 (S/V?) 15.8339
a (F) 3.96§6e~13 The source and load impedances are assumed to @ &0dc
i (ﬁ/“//?) 2'25236’12 and at all mixing frequencies up to the third order. The measured
C3C§ (/F) ) - {)5%;'12 terminations are very close to 50 at dc and at mixing frequencies
‘ <. C- . . . . -
— — up to the third order. The selected bias poinfis= 170pA, Ve =
cy (FIV) 2.8le-15
A 2.8le- . ) - . .
& (F/V7) 54934 1.5 V. There is no obvious difference if the measured impedances

are used in this analysis.
next higher order currents are found. Therefore, nonlinear high-order

load voltages and the power absorbed by the load can be easily IV. IM ANALYSIS
evaluated. The calculation for voltage or current components at different
mixing frequencies is straightforward from basic circuit theory once
Ill. EXPERIMENTAL CHARCACTERIZATION all the element values and polynomial coefficients are known. Fig. 2

The device under investigaton is a 5< 10 pum? shows the magnitudes of the collector-emitter voltage components

InGaAs/InAlAs/InP collector-up HBT withfr = 23 GHz and at the frequencpw, versus the input voltage. The magnitude of the
fmax = 20 GHz. The two-tone IM measurement at frequenciegomponent fromys. is much larger than that from the other nonlinear
£ = 6.02 GHz andf, = 6.08 GHz was performed to verify the elements. The phase differences of those components are considered

analysis. The magnitudes of two-tone signals are the same. Hanstants if terminations are assumed to bef5@t dc and at all
device was biased at the constant base—current fyith= 170 ;A mixing frequencies up to the third order. The phases of components

and Ve = 1.5 V. Multibias S-parameter measurements in thdfOM gbes Cbe, ¢he, @ are .11z, 0.61x, and —0.34x, and 0.23,

0.45- to 40-GHz frequency range were performed using the HPg5R$Pectively. The phase difference between the components:from

network analyzer and the Cascade probe station. Equivalent-circ@fidcve is @lmostr and cancellation occurs between the components
elements at each bias were extracted by fitting the equivalent-cirdi@m these two elements. The phases of the components jrom

parameters to minimize the error between simulafefarameters and « are almost identical; therefore, an enhancement effect occurs
and measureds-parameters. Parasitic and extrinsic elemehts and the total voltage is a little larger than that frgm. Since the

Ly, L., Ry, R., and Rx are considered to be bias-independenf,nagnitUdeS of components f_rom the capacitances'are close to each

while four nonlinear elements are bias-dependent. The nonliné4per and the magnitude of is much smaller, the final phase and

elements are approximately assumed to be the function of onlyTggnitude off% c.(2w:) is dominated by the component frogm..

single variable €., vbc, ori.). This assumption greatly reduces the 1N€ collector—emitter voltagé... at frequency.; — w is also

complexity of this analysis. The nonlinear base—emitter resistarféd@Minated by the nonlinearity of the base—emitter resistance because

was chosen as a representative example for illustrating the derivatiBf Magnitude of components from., cc, and« is very small,

of the polynomial coefficients in (1). The extracted small-sign&S Shown in Fig. 3. The phases of components fgem cue, che,

conductance was fitted to a polynomial expressigi’), where and o are ap_proxmated tar, —0.5077,.0.0071', andw, res_pectwely.

V represents the intrinsic base—emitter voltage. It is noted thaf€ Phase difference betwee, ci. is = and cancellation should

g(V) = (dI/dV'), whereI (V') is the large-signal—V" characteristic °¢CUr- The phases of components frgm and « are th_e same, so

to model the base—emitter resistance. Therefore, some enhancement effect occurs. However, the significant difference
between the magnitude df2, ..(w2 — w1) components generated

g1 =9(Var) by gr. and the other nonlinear elements make the cancellation

g =1/2 dg and enhancement effects negligible. The second-order component at
’ AV 1y v w2 — wy is much larger than that &tw,. Therefore, the voltage
429 component alw, — w; is dominated by the mixing product from
g3 =1/6 dY;? . (7) the frequencyws — w; in this device. The contribution and impact of
V=VeE the nonlinear elements on IMD3 can be determined by examining

Similar derivations are applied to the nonlinear elements ¢, the third-order nonlinear voltag®.. generated by each element
and «. All the values needed to perform a \olterra-series analysig frequency2ws — wy. Fig. 4 shows the third-order nonlinear
are listed in Table I. collector—emitter voltage generated by four nonlinear elements with
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0.06 T T
. :component from base emitter resistance
o :component from base emitter capacitance
0.05- * :component from base collector capacitance X i
. + :component from alpha
x : total collector emitter voltage at w1-w2
X
0.04r ’
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3 x
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Fig. 3. V2 ce(w2 —w1) versus the excitation voltage.
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.: component from base emitter resistance x
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0oz * : component from base collector capacitance %
>
= + : component from alpha %
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Fig. 4. The nonlinear voltage a&w> — wi generated by four nonlinear

elements.
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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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