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Abstract—Harmonic and two-tone intermodulation distortion analyses P S O AR ™ c
of the InGaAs/InAlAs/InP collector-up heterojunction bipolar transistor B o

(HBT) are performed by a simple Ebers—Moll model. The parasitic

elements of the equivalent circuit are extracted at zero bias by numerical iR 1
optimization. A semianalytical approach is used to extract the intrinsic T Cove 1, Ce Tcpe.
parameters of the small-signal equivalent circuit at nonzero bias points.

Appropriate equations given by device physics are fitted to the bias vari-

ation of intrinsic parameters so that the Ebers—Moll model parameters

can be extracted. Agreement between simulation and measurement of 1o l R,
harmonic and intermodulation distortion is achieved.

Index Terms—Distortion, heterojunction bipolar transistor (HBT), in-
termodulation.

I. INTRODUCTION E

Heterojunction bipolar transistors (HBT's) are presently used ff9- 1. Small-signal equivalent circuit of the inverted HBT.
many analog and digital applications. Although small-signal models
for the HBT’'s have been developed extensively, the same is
true for large-signal HBT models. Several models, including t
numerical model, the conventional Gummel-Poon model, and t
modified Ebers—Moll model have been presented in [1]. Large-sig

HBT modeling is an ongoing effort, since this model is essential f 5rge. The uncertainty of numerical optimization in zero bias can

mg)l_sr;[_ practical application_s [ZI]_I[Eﬂ. Moll model based h be reduced. The initial values that are assumed in optimization
Is paper presents a simple Ebers-Moll model based on the qUagk .5 cylated from the physical and geometrical parameters. The

static technique which makes use of multibias scattering parame LSasitic elements,pe, Cone, Coee, Ly, L., and L., are obtained

. . . - ey - <y “pcey ’ €y cy
and dc measurements to extract a bias-dependent nonlinear equivigiil ;¢ rq-pias numpericalpoptimization and assumed to be invariant
circuit model. The Ebers—Moll model is more accurate than trwith bias [6]. Their values are listed in Table |

Gummel-Poon model since it includes the transit time effects [1]..|.he other elements under nonzero bias are extracted by the
Section Il gives the small-signal equivalent circuit of the COHeCtor'%llowing analytical approach:

HBT and the method of extracting the small-signal parameters. The
bias-dependent intrinsic elements are also identified. The equationé
governing the nonlinearity of the intrinsic elements and the method

of extracting the parameters of the Ebers—Moll model are given in® !
Section Ill. The comparison of simulation and measurement of har- sitic shunt elements’yi, Cpee, Cpbe;

monic distortion, as well as the two-tone third-order intermodulation *© €ONVert they-parameters. td-parameters. _ N
distortion, is given in Section IV. The elements of the equivalent circuit, excluding the parasitic

effects, are easily extracted using the procedure described in [7].
The elementsR;, L., R., and R. are basically constant over
the entire frequency range of interest and do not show significant

The device under investigaton is a 5< 10 pm® variation with bias. Therefore, these elements can be considered to
InGaAs/InAlAs/InP-inverted HBT with fr = 23 GHz and be fixed. The bias-dependent elements@reC., R, ar, 7, fa,
fmax = 20 GHz. The small-signal equivalent circuit of the deviceandr.. It has been shown that the consideration of the bias variation
[5], [6] is shown in Fig. 1. There is no base collector feedbacéf these elements is sufficient for accurate small-signal modeling [5],
capacitor in the inverted HBTL;, L., L., Cphe, Cpbe, and Chee  [6].
are parasitic inductances and capacitances, respectifgly,R..,
and R. are extrinsic resistances. The active portion of the HBT

is modeled by intrinsic elements., r., Cj., «, and R;., where
#F/fae_w- ap is the dc value of the transport factor, The large-signal equivalent circuit is shown in Fig. 2. For the large-

o =
7 is the transit time of collector current, anfl, is an o 3-dB  Signal model, the following equations are used to characterize the

ks @, = 0A, Vo, = 0 V) can be represented by a passive

etwork. Therefore, in this case, the transport faetas negligible.
reover, the dynamic resistance of the base—collegtor n

ﬁhction and the base—emittger— » junction is assumed to be very

convert thes-parameters ta-parameters and remove the para-
sitic series element&, and L.;
convert thez-parameters tg-parameters and remove the para-

Il. SMALL- SIGNAL MODEL OF COLLECTORUP HBT

Il. L ARGE-SIGNAL MODEL

[l

frequency. RF measurements indicate that the HBT under zdR§insic elements

np kR
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. TABLE 1
i} EBERs-MoLL MODEL PARAMETERS FOR THEINVERTED HBT
:.': Component Value Description
I Ly 30 pF parasitic base inductance
T R, O - Lo c ‘ L. 49 pF parasitic collector inductance
B o, L, 10 pF | parasitic emitter inductance
1L ] C) Cpbe 40 fF parasitic base-emitter capacitance
T 1] T cl IC T s . -
% o, o Cooe Chpee 31 {F parasitic collector-emitter capacitance
Chbe 6.3 I parasitic base-collector capacitance
I, l/ A, Ry 170 Q extrinsic base resistance
R, 17 Q extrinsic collector resistance
Le . 50 Q extrinsic emitter resistance
l 1sF le-16 A | BE junction saturation current
E Npe 1.04 BE junction ideality coefficient
Fig. 2. Large-signal equivalent circuit of the inverted HBT. Mj, 0.5 BE junction grading coefficient
I Ll VI JnpakT 1 &t 0 ) Vieo 1.8V BE junction potential
e = Lsr\€E ¢ < - ‘be =
" . ) b Cieo 1.3e-13 F | BE zero-bias junction capacitance
AV /npekT J J p
I. = I p(efoe/Me™ — 1) atV,,. =0 6 -
I fI( ) ’ §7; TF 3 ps BE junction diffusion time
aplsp = ardsp.
] b o ) ) Ip 4.5e-6 A | BC junction saturation current
The description of the symbols is given in Table I. Equations- - — -
(1)—(7) are given by device physics [8] and the corresponding currents "¢ 2.84 BC junction ideality coefficient
and voltages are those of the intrinsic device. In the small-signal 1;. 0.33 BC junction grading coefficient
device moqlel, Fhe plot o_(f]?e+re) versusl/I. is used to erxtrao{ilr,e Vieo 195V | BC junction potential
[1] (shown in Fig. 3)rr is extracted from (2)Cjco, Cjco, Vieo, Vjco
are extracted from (3)—(4) by fitting them to bias-dependent intrinsic  Cjco 3.3e-14 F | BC junction zero-bias capacitance
capacitance elements\/;. is assumed to be 0.5 for the abrupt . 0.92 dc value of transport factor
emitter—base junctiond/;. is assumed to be 0.33 for the graded— o1 GH 4B £
base—collector junctiorl,z andny. are extracted from the inverse fa 2 |or3 requency
Gummel-Poon curvel, ;- is extracted from forward Gummel-Poon T 5 ps forward transit time delay
curve. The transit time of collector currentis incorporated in the — .
ap 2.25e-11 | inverse transport factor

frequency dependence of «r is obtained from (7). The variation
of a (e, fa, 7) with bias is not included in the present modey.,
fa, andT at the applied bias are used for simulation in the overall .,
power excitation range. :

During dc measurements, the base curigrand collector-emitter
voltage V.. are applied, the base—emitter voltaje and collector 65+ .
currentI. are measured. Given the extrinsic values of voltage and
current, the intrinsic base—collector voltage, base—emitter voltage, and60 7
emitter current are defined by the following equations:

|
IL=1+1I, ® e | x
» . Jiss * x % 4
Vi, = Vie = I.R. — IRy @ W [
Ve = Voe — IRy + I.R... (10) }
50 4
Equations (8)—(10) are used to fit the bias variations of the intrinsic ‘ %  extracted valsues
element values and the corresponding parameters of the model are ! = - fitting curve
determined. The model parameters are listed in Table I. 45t .

IV. SIMULATION OF HARMONIC DISTORTION

40 ——————L 1 A x L L . L .
A large-signal equivalent-circuit model has been developed using ° % ' % 20%/|e2(5|%=13(())8uA§50 400 450 500
LIBRA [9]. The harmonic distortion analysis has also been per-

formed. The simulation was performed at 6 GHz with. = 1.2 Fig. 3. R. + r. versusl/I..

V and, = 150 pA corresponding to ai. = 4.5 mA. Fig. 4 shows

the measured and simulated fundamental and second harmonic3his investigation also indicates that the transit time delaand

The maximum deviations between measurement and simulation bese—emitter junction-ideality coefficient have a significant effect
as follows: 0.4 dB for the fundamental and 3 dB for the seconmh the simulated results. In the simulation, the source impedance
harmonic. and load impedance are assumed to be50he source and load
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Fig. 4. The measured and simulated harmonic-distortion result of the i
verted HBT atV.. = 1.2 V, I, = 150 pA.
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Fig. 5. Two-tone third-order intermodulation distortion of the inverted HBT

atVee = 1.5V, I, = 170 pA.
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is chosen to verify the validity of the proposed model. Both bias
points are for class AB power application. The two fundamental
signal frequencies are 6.02 and 6.08 GHz, respectively. The third-
order intermodulation distortions are average at 5.96 and 6.14 GHz.
The source and load impedances are again assumed to Be Bt
difference between simulation and measurement is well within 1.5
dBm.

V. CONCLUSION

A simple Ebers—Moll model for predicting the nonlinear perfor-
mance of the inverted HBT has been presented. It is based on the
experimental characterization of the frequency and bias-dependent
behavior of the device small-signalparameters. The model param-
eters are deduced by fitting the bias-dependent intrinsic elements
to the underlying equations from physics. The good agreement
between measurement and simulation of harmonic and two-tone
intermodulation distortions shows that this simple Ebers—Moll model
is valid and useful in applications where nonlinearity is important.
[t avoids the complexity of the Gummel-Poon model, while the
requirement of good agreement between measurement and simulation
can be satisfied.
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