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ABSTRACT

A simple and accurate method for extracting small-
signal signal equivalent circuit for double heterojunction δ-
doped PHEMTs was developed.  The circuit elements were
extracted from the S-parameters of PHEMTs.  Parasitic
inductances Lg, Ld and L s were determined from the on-
wafer-short S-parameter data.  We have observed skin
effect on the series resistive elements of on-wafer-short,
which has been given due consideration in our model.  The
parasitic pad capacitances Cpg and Cpd were calculated from
the S-parameters of PHEMTs measured at drain bias of zero
volts and gate bias at pinch-off condition.  The source and
drain resistances (Rs and Rd) of PHEMTs were determined
after de-embedding the S-parameters of PHEMTs measured
at forward gate bias voltage and zero drain bias voltage
condition using already determined external parasitic
elements.  Finally, the model has been verified by
comparing the measured S-parameter data under active bias
condition against those calculated from the small-signal
equivalent circuit.
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1   INTRODUCTION

State of the art PHEMTs can be found in MMIC
applications such as low-noise amplifier (LNA), power
amplifier (PA) and other RF subsystem components.
Accurate determination of small-signal equivalent circuit of
δ-doped PHEMTs is crucial for employing these devices in
amplifier designs and large-signal modelling.  We achieve a
more accurate interpretation of the S-parameter
measurements for these devices after subtracting the Z-
parameters of the series elements derived from measuring
on-wafer-shorts, and by considering the rest of the parasitic
elements from the cold-FET measurements.  It should be
noted that no DC data has been used.  The gate resistance,
Rg has been calculated from resistance value of gate-metal

pattern for the same kind of gate metallization.  In the
conventional method of determining the series parasitic
inductances[1-5], gate has to be excessively forward biased
to remove the Schottky junction capacitance effect[6].
However, excessive gate current would damage the device.
Furthermore, in δ-doped PHEMT structures even with
excessive forward biasing, capacitive effect coming from
undoped AlGaAs layer beneath the gate cannot be ignored.
It should be stressed at this stage that our technique does
not require the devices to be excessively forward biased to
improve the accuracy of computed values of Rg, Rd, Rs, Lg,
Ld and Ls.

2   PARAMETER EXTRACTION
TECHNIQUE

The double heterojunction δ-doped PHEMT structure
considered for our studies in shown in Fig.1.

Figure 1: Device cross-section of a double heterojunciton δ-
doped PHEMT.

From the structure one can see the presence of undoped
Al0.25Ga0.75As region below the Schottky gate.  Therefore,
the depletion region below the gate under forward bias
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condition for drain bias of zero volts cannot be ignored.
The series source and drain resistive elements (Rs and Rd)
were extracted after considering this depletion region effect.
The equivalent circuits considered for on-wafer short and
for PHEMT under drain bias of zero volts are shown in Fig
2.  In the extraction of input and output pad capacitances,
Cpg and Cpd, the same procedure that has been described by
Dambrine et al.[2] has been used.

a)

b)

Figure 2: Equivalent circuits of a) on-wafer short and b)
intrinsic circuit of PHEMT for drain bias of zero volts.

Parasitic series resistive elements (Rpg, Rpd, and Rps) and
inductive elements (Lg, Ld and Ls) were determined from the
on-wafer-short after converting the measured two-port S-
parameters to Z-parameters[6] and using the equivalent
circuit of Figure 2a.  The determined values are listed in
Table 1.

Table 1: Equivalent circuit elements of on-wafer short.
Note:  f is in GHz

Element Value
Rpg f168.0  Ω
Lg 60.0 pH
Rpd f155.0  Ω
Ld 56.1 pH
Rps f017.0  Ω
Ls 5.1 pH

The parasitic series resistive elements exhibited
frequency dependent nature.  This has been attributed to the
skin effect.

Next, the drain voltage of PHEMT was set to zero and
the gate was biased such that the channel is completely
pinched-off.  The S -parameters were measured and
subsequently the parasitic pad elements Lg, Ld, Ls, Rpg, Rpd,
and Rps were de-embedded from these S-parameters.  The
de-embedded S-parameters and the procedure described by
Dambrine et al.,[2] was used to determine the pad
capacitances of PHEMT.  In extracting these pad
capacitances, it has been assumed that Cds is very small and
Rds is very large.  The pad capacitances, Cpg and Cpd of the
PHEMTs were found to be 14.39pF and 37.03pF
respectively.

In the next step, the gate was forward biased with zero
drain voltage and the S-parameters were measured.  Gate
resistance, Rg, of 1.28Ω was calculated for the same kind of
gate metallization at microwave frequencies.  After the de-
embedding of the parasitic pad elements and Schottky gate
metallization resistance, Rg, the measured S-parameters
were converted to Z-parameters.  Then using equivalent
circuit of Figure 2b and with the assumption that Rds is
negligible and Cds is very large, we determined the values
of R, C, Rs, and Rd from the following equations:
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The resistance of the channel under the gate (Rch) is not
included in the circuit of Figure 2b.  This is justified since
the gate length of the 0.25µm is small compared to the gate-
source and gate-drain separations of about 3µm for the
devices under consideration.  In addition, analysis of
forward-biased gate operation[1] has shown that only a
fraction of Rch appears in series with parasitic resistances Rd

and Rs.

The intrinsic small-signal equivalent circuit of
PHEMTs was determined by de-embedding the S-
parameters measured for active bias condition, using the
already determined extrinsic parasitic elements, series
inductive, resistive and capacitive elements,  and intrinsic
parasitic elements, Rg, Rd and Rs, and following the
procedure described by Berroth and Bosch[4].
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3   RESULTS AND DISCUSSION

Aforementioned procedure was used to calculate the
parasitic elements of several 0.25µm gate length, L, PI-gate
PHEMT devices.  Various widths, W, considered for our
studies were 20µm, 40µm, 60µm, and 100µm.  The
PHEMT lay-outs were embedded in coplanar environment,
which made them suitable for microwave on-wafer probing.
The input and output pad structures consisted of coplanar
line widths, which were 100µm each.  The measurements
were made using a 8510 HP vector network analyzer and a
Cascade Microtech wafer probe station.  The wafer probes
were calibrated using the Short-Open-Load-Thru (SOLT)
calibration technique, and standards provided by Cascade
Microtech.

a)

b)

Figure 3: a) Comparison of measured (crosses) and
simulated data (circles) of 2×60µm PI-gate PHEMT for
gate bias of 0.8V and drain bias of 0V, and b) plot of source
and drain resistances against inverse of gate width.

The measured and calculated S-parameters for 60µm
gate width PI-gate PHEMT structure for drain bias of 0V
and gate bias of 0.8V are shown in Figure 3a.  The results
are in good agreement.  As a further validation in the
determination of Rd and Rs, Rd and Rs are plotted against the

inverse of gate width, W, of PHEMT devices and the results
are shown in Figure 3b.  It can be seen that Rd and Rs show
an inverse relation with the gate width, W.  These results
are in good agreement with published reports on scaled
small-signal model[5].

The intrinsic small-singal equivalent circuit of PHEMT
under active bias condition is shown in Figure 4, with the
intrinsic parasitic resistive elements, Rg, Rd and R s .
Extracted values of the circuit elements are listed in Table
2a and the average root mean square errors of the calculated
S-parameters from the measured S-parameters are listed in
Table 2b.  The fits for experimental data are shown in
Figure 5.

Figure 4: Equivalent circuits of intrinsic PHEMT for active
bias conditions.

Table 2: a) Small-signal equivalent circuit elements of
2×60µm PI-gate PHEMT and b) Average root mean square
error of the calculated S-parameters

Element Value
gm (mS) 81.5
τ (psecs) 0.9
Cgs (fF) 105.7
Ri  (Ω) 0.03
Cgd (fF) 33.9
Rgd  (Ω) 0.029
Cds  (fF) 0.3
Rds  (Ω) 137.2
Rfd  (kΩ) 7.76
Rfs  (kΩ) 12.88

a)

E11 (%) E12 (%) E21 (%) E22 (%)
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Figure 5: Comparison of measured (crosses) and calculated
data (circles) of 2×60µm PI-gate PHEMT for gate bias of
0V and drain bias of 1.5V.

4   CONCLUSIONS

A novel method for extracting the small-signal
equivalent circuit of PHEMTs has been proposed.  Under
active bias condition, PHEMT S-parameters were
measured.  These S-parameters were then de-embedded of
extrinsic and intrinsic elements, which is then used for
extracting the small-signal equivalent circuit.  Extrinsic
parasitic elements were determined from the on-wafer-short
data and the PHEMT S-parameters measured at drain bias
of zero volts and gate bias at pinch-off condition.  Intrinsic
parasitic elements were determined from PHEMT S-
parameters measured under drain bias at zero volts and gate
bias at forward bias condition.  The model has been verified
by comparing the measured S-parameter data against those
calculated from the small-signal equivalent circuit.  The
calculated data is in good agreement with the measured data
thus validating the S-parameter extraction principle.
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