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Abstract—Time-domain waveform the incident and reflected waves. The waves at Port

characterization has been successfully applied to 3, 4 and 6, including up to their seventh

microwave power heterojunction bipolar harmonics, are measured by a HP 70820A

transistors, for extraction and verifkation of Transition Analyzer. Having individually

their large-signal nonlinear characteristics. characterized the probes, couplers and bias-T’s, the

Compared to the conventional dc and smail- measured waveforms can be transformed to Port 2

signal techniques, this new technique is and 5, at the HBT input and output, respectively

inherently more accurate and allows insight into (Fig. 2).

the transistor operation.

Large-signal transistor characterization based
~. . S31 b4 – S41 b3

S31 S42 – S32 W1
on dc Z-V characteristics and frequency-domain S-

parameters is often confronted with the

inconsistency between these two sets of data due to

various time-dependent phenomena. In comparison, b2 = S22 a2 + S21 ’42 b3 -’32 b4

time-domain waveform characterization literally
S31 S42 – S32 S41

allows insight into transistor nonlinearity without

ambiguity [1]-[4]. [1]-[4] pertain to MIMFETs

only. This paper reports the first waveform aj=~
S65

characterization of the intrinsic characteristics of

microwave power HBTs.

These HBTs are of the npn GaAs/AIGaAs
b5 = S55 a5

variety having a total emitter area of approximately

300 j.tm2. Under the bias conditions used in this

study, the current-gain cutoff frequency and the

(1)

(2)

m
:

(3)

(4)

maximum frequency of oscillation is in ‘the range

of 30 to 40 GHz. The details of the HBTs have

been described elsewhere [5].

The HBTs are characterized on-wafer using a

pair of GGB 40A probes as shown schematically in

Fig. 1. The HBT is driven at 2 GHz from 8 to 12

dBm. Since the primary purpose of this study is to

demonstrate the characterization technique, the

maximum input drive level is approximately 3 dB

Next, to gain insight into the HBT intrinsic

characteristics, the waveforms at Port 2 and 5 are

transformed to the HBT internal nodes, b‘, e‘ and

c ‘, as depicted in Fig. 3. Here the extrinsic

parameters of the equivalent circuit have been

extracted from bias-dependent S-parameters

according to a previously reported method [6].

From the internal waveforms, the intrinsic HBT

parameters, which are ail highly nonlinear, can be

backed off from saturation. Two directional extracted.

couplers are used on the input side for measuring Figure
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Vc, l%, lC and lb, measured under Class C bias

(Vce =4 V; Vbe= 0.8 V) and 11 dBm input

drive. To visualize how these waveforms are

related to each other, Fig. 5 and 6 depict the RF

contours at the external base and collector ports,

respectively, for various input levels. It can be

seen that the base contours contain a large loop,

indicating that the displacement current dominates

the conduction current due to the extrinsic

capacitances. In comparison, the collector contours

are greatly elongated, reflecting the 500 load.

Figure 7 and 8 are intrinsic contours of

Ze(Vb ‘e’) and Zc ‘(Ze). Notice that Ie’ = le which is

the actual current across the intrinsic base-emitter
junction. From Fig. 7 this current is dominated by

diode-like conduction above 1.3 V, and, only a

small capacitance is present below 1.3 V, The

intrinsic base-emitter diode characteristics are then

fitted to a two-term Ebers-Moll exponential

function. Similarly, the charge storage

characteristics are expressed in terms of diffusion

capacitance and space charge. It turns out that the

diffusion capacitance is much smaller than the

space charge, perhaps due to ballistic transport of

the electrons across the base. Figure 9 shows that

the modeled and measured intrinsic base-emitter

characteristics are in reasonable agreement. Figure

10 illustrates the fitting of the intrinsic collector

current as a function of the emitter current. Here

a Gummel-Peon model with a constant delay time

is used. The fitted parameter values (Table I) are

all physically reasonable and they represent an

improvement over those extracted from S-

parameters.

In conclusion, time-domain waveform
characterization has been successfully applied to

microwave power HBTs to extract their nonlinear

characteristics. This new characterization technique

is inherently more direct and accurate. It literally

allows insight into the HBT operation based on
which the circuit application of the HBT can be

optimized.
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TABLE I
INTRINSIC HET MODEL P~

Emitter Emittar collector
Conduction Dkplacement Conduction

Current Current Cument

10=1.7X10-’9 A CQ=O.44pF ed)=O.986

n=l.52 Vbi=l.98 V lkf=O.87 A

L4=2.23x10-1’ A Tb=O.1pS TC=5.3ps

ne=2.02
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Fig. 1 Schematics of the waveform measurement setup.
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Fig. 2 S-parameter representation of the measurement selup.
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Fig. 3 HBT hybrid-T equivalent circuit.
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Fig. 4 Measured extrinsie base end collector waveforms,
under a 2 GHz, 11 dBm input drive.
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Fig. 5 Measured extrinsic base current vs. base-emitter voltage.

The input power is varied tim 8, 10, 11, to 12 dBm.

Collector Voltage (W

Fig. 6 Measured extrinsic collector current vs. collector-emitter
voltage. The input power is varied from S, 10, 11, to 12 dBm.
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Fig. 7 Measured intrinsic emitter current vs. basriemitter voltage.
The input power is varied km 8, 10, 11, to 12 dBm.
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Fig. 8 Measured intrinsic collector current vs. emitter current.
The input power is varied &em 8, 10, 11, to 12 dBm.
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Fig. 10 Modeled intrinsic colleetor current vs. emitter current.
The input power is varied from 8, 10, 11, to 12 dBm.

Fig. 9 (—) modekxi vs. (E+)measured emitter current,
for an input power of 11 dBm.
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