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r An Accurately Scaled Small-Signal Model for
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° F Abstract—n this paper, the authors report an approach for construct-
£24.0] ing scalable small-signal models for interdigitated power pseudomorphic
%235 0ld type isolator high-electron-mobility transistors (P-HEMT'’s). By using cold-FET and
= N B </ Yang—Long measurement, as well as direct extraction procedures, scaling
z3.01 ~ rules for extrinsic components were established that allow accurate mod-
225] \\\ els over a broad frequency range. These models have been used to design
. ~ ultrawide-band monolithic microwave integrated circuits (MMIC's) up
2.0 Vot to 50 GHz.
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. . . I. INTRODUCTION
Fig. 4. Calculated reverse loss with frequency for new type isolator and old

type isolator inX -band. Small-signal equivalent models are used frequently in the design
of power amplifier (PA), low-noise amplifier (LNA), and other
subsystem components. A small-signal model which provides good
considered. The propagation constant transcendental equation f@siracy and can be scaled based on layout structures, as well as
been deduced. By using appropriate ridged waveguide insteadggtewidth, is useful when various FET sizes are needed or models
rectangular one, it is possible to increase the isolation and bandwigﬂé simply not available. Unlike the small-signal model that is
of the field displacement isolator, thus making it easier to get a gogdtermined by computer optimization, a physically related one can be
match. However, the forward insert loss of the new type device igefyl in the characterization of fabrication processes and for scaling
slightly larger than that of the old type devise, and how to reduggposes. In addition to providing an equivalent circuit to predict
the forward loss is of further work. The authors believe that thigvic electrical performance, a scalable modeling approach is also
paper has resulted in a sufficient amount of knowledge regarding thesful in determining the noise parameters [1]-[2]. In this paper, an
device and provides a quantitative guide to the design of microwaygproach to constructing a scalable small-signal model from cold-
devices. FET, Yang-Long measurement, and RF data for an interdigitated
power pseudomorphic high-electron-mobility transistor (P-HEMT) is
REFERENCES presented. Approaches for selecting the parameters from data sets are
discussed. The scaling factors for extrinsic componefis Rq, R,
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Feb. 1944. Fig. 1 shows the chosen equivalent circuit topology for the in-
terdigitated power P-HEMT. The P-HEMT layout in wafer process
control monitored (PCM) sites is shown in Fig. 2. Thgarameters
of five different FET’s, 10Q:m (25 x 4, two gate feeds), 198m (33
x 6, three gate feeds), 3Qam (30 x 10, five gate feeds), 396m
(33 x 12, six gate feeds), and 6@0n (50 x 12, six gate feeds) are
measured and their small-signal models are extracted with methods
discussed below.
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Fig. 1. Equivalent circuit of interdigitated power P-HEMT.

Ill. EXTRACTION OF PARAMETERS

The following equations [3], [4], [6] were used to calculate model

parameters:

Im (Y11) = jw(Cpg + %Cb)

Im (Yi2) =Im (Y21) = —jw <%>
[}

Im (Y22) = jw(Cpa + 5 C)

where C, is the fringing capacitance due to the depleted layer

extension at each side of the gate.

R. nkT
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where R.. is the channel resistance,is the ideality factor} is the
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Fig. 2. Layout of the interdigitated power P-HEMT.

Boltzmann constantl(380 54e — 23J°K 1), ¢ (1.6021e-19 C) is the

electron charge, and is the ambient temperature in Kelvin. TABLE |
THE VALUES OF AVERAGE EXTRINSIC CAPACITANCE
c Im (Yi2) ) (PF) MEASURED AT PINCHOFF CONDITION
1= —
& w 100 um 198 um 300 um 396 um 500 um

(i)~ wCa [Re (1)1
Cys = ” 1+ [Im (Yi1) — wCea]?
R — Re (Yi1)

‘ Im (Y11) — wClya]? + [Re (Y11)]?

Gm =V {[Re (Ya1)]2 + [Tm (Yar) + wCla]?}

X 4/(1+w2CZR?)

—wCea —Im (Y21) — wCys R; Re (Y1)

1 .
T = — arcsin
w gm
I (Yoy) — wCia
Cqy = /222 — 757
w

gds = Re (}’Z.ZZ)

Cpg Cpd Cpg Cpd Cpg Cpd Cpg Cpd Cpg Cpd
(8) 0.016; 0.014] 0.024| 0.011] 0.034] 0.004] 0.044] 0.006| 0.035f 0.005

©) vary much throughout the frequency band and they were chosen at
the middle frequencyx 25 GHz). Table | shows the extracted values
of the average capacitance for FET's.
(10) In order to extract the extrinsic resistance and inductance, cold-
FET S-parameter measurements were done at forward bias condition
} (11) (Vy, > 0.7 V). Theoretically, larger gate current should deliver

better accuracy. However, excessive gate current would damage the
(12) device. After numerous tests, a gate current density of 150 mA/mm
(13) was determined to be very much sufficient. Equations (4)—(6) were

used to computeR,, R4, Ry, Ls, L4, and L, [4]. The above

All the S-parameter measurements are done with line-reflectequations provide only five equations with six unknowns. Therefore,
reflected-match (LRRM) off-wafer calibration and data were takethe Yang—Long three-terminal dc method [5] 84 is used to provide
from 0.5 to 50 GHz. Based on (1)—(3), the extrinsic capacitance welee necessary additional equation.
extracted from the cold-FET measurement§ = 0) at pinchoff The extracted value of extrinsic inductors also do not vary much
condition [3]. The extracted value d@f},; and Cpqa usually do not throughout the frequency band and their values were chosen from the
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TABLE 1l i
THE VALUES OF AVERAGE EXTRINSIC RESISTANCE AND
INDUCTANCE (NH) MEASURED AT FORWARD BIAS CONDITION
R4 Rs Rg Ld Ls Lg
100 um 4.1 4.8 5.1 0.023 0.002 0.017 o
198 um 2.1 2.3 3.5 0.025 0.003 0.016 55
300 um 1.3 1.6, 2.2 0.031 0.005 0.018 H
396 um 1.0 1.2 1.9 0.018 0.005 0.014
600 um 0.6 0.9 2.0 0.021 0.005 0.010 s
30.0 Mz fre 50.0 GHzA 50.0 MH; freg 58.6 GHza
TABLE Il 200 o mg 300 Crn EN frec 50,0 g‘r:zls
THE VALUES OF INTRINSIC COMPONENTS MEASURED AT 50% 1 38} gS12
Ccgd Cgs Cds Ri Rds gm (mS) Tau
(PF) (pF) (pF) (pS) -
100 um {0.0064 |0.1022 |[0.018% (6.7 775 28.7 1.78 o -
198 um |0.0106 [0.1998 [0.039L [3.9 1396 |54.7 1.50
300 um |0.0160 [0.3200 |0.0640 [2.7 1270 [79.0 1743
396 um {0.0190 0.3790 10.0770 |2.0 206 97.0 1.36
600 um |0.0260 [0.6050 [0.1110 |i1.5 J137 [138.0 1.33 v =
6.00 0.070 o 3!
e Scaled Rs o
so0k - —m—MeasedRs |- - - - - - - - 0.060 28
3 Measured Rg 5C.C Mz freg 30.0 GHza 0.0 Mz freg 30.¢ GHza
w00 —»—Scaled Rg | 0.050 50,0 Miz freg 50.0 GHzB 50.0 MHz freg 56,0 GHzB
g —%—S8caledCpg !~ "7 ]
—e@—Measured Cpg 52 1 522
o e 2 ) 0.040
PR, A N R ] quad_rafl_]1 = (S11) quad_tran_l = (512)
'y o quad_raf]_2 = {522} quad_tran_2 = (521}
4 0.030
200 o R 3 % o Fig. 4. Comparison between measured and scaled:h98evice.
L
W0 e § 0.010
Dataset=33003 Quaiifiarsz
0.00 0.000
100 um 198 um 300 um 396 um 600 um i =e
FET Gatewidth
Fig. 3. Comparison between measured and scRlgdR,, andCpg.
middle frequency. Regarding the resistors, their extracted values are ¢ v
accurate only at low frequencies. The resistor values were chosen at ° i
1 GHz or below. Table Il shows the measured results of the average: = i
inductance and resistance. Due to the use of ground-signal—-grounds bo
(G-S-G) wafer probes which have very little current would flow ~~ " o o T -
. : SCC kz freq “1‘0 GHz:’f 50.0 Mz freg
through the via holes, and would result in a very sniall §0.0 Mz freg 30.6 GHz8 30.0 2 fres
A direct extraction method [6], corresponding to (7)—(13) was us il 512
to compute the intrinsic components, and their value was chosen from
the middle frequency. Since the component valueRgafand R; are = me

D

quad_refl 2

sensitive to the calibration errors as well as the probe’s touch-down
position, poorS-parameter measurements could result in negatiy
value. However, this problem can be resolved by curve fithg
and S»» for realistic values offz;, and Rq, respectively. Table Ill | . L5
shows these intrinsic components for various FET sizes. " ’3 !
IV. DETERMINATION OF THE SCALING FACTORS sg cZ
The value of extrinsic capacitoG,, andC,q are related to the | F% 55

gate feeds and drain pad, respectively. The scaling function for the iz ireg 50.0 Grze 30.0 iz ireg 30.0
N ! . O MHz reg 50.0 GHzB 50.0 MHz freg 56,9
parameters is complicated due to the occurrence of higher ordey 532
modes within these regions. However, an empirically determined
. . quad_refl_I = {5i1) quad_tran_l = (5i2)
scaling rule can be applied far, quad_refl 2 = (522) quad_tran_2 = (521)
Cd 7V1 SZ 0.38 . . .
pg _ < GF) < rpw) (14) Fig. 5. Comparison between measured and scaled.30@evice.
s \Né&p / \Skw

whereNgy is the total number of gate feeds afid.w is the spacing _ _
distance of the inner coplanar waveguide (CPW) transmission line Although the drain pad has a larger area as compared with the gate
Fig. 3 shows the comparison between measured and s€aled feeds, the capacitance 6f,q is actually smaller. The role of this drain
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Fig. 6. Comparison between measured and scaledu39@levice. Fig. 7. Comparison between measured and scaledu®®@evice.
pad is not acting as a capacitor plate but introducing discontinuity V. CONCLUSION

within the transmission line system, which causes more magnetic

energy to be generated in the higher order modes. Since the value l‘ﬁnn ei;(:r?g'oi? tazpro?/t/:hr fgr ﬁg:\:;_mcljmcig thv?/ sm;ll-ngi;[;laclj n::ordﬁ:
Cpa is usually around, or less than, tens of picofarad, its effect (9 a erdigitated power - evice was described. Fro

overall performance is insignificant. Scaling is really not necessat f _m(_easured data, new scaling rl_JIes _have been determined for
trinsic components. The results in this paper show that accu-

for this capacitor. However, if scaling is used, it should be inverse . )
proportional to the size of the drain pad. P‘g':)eacr':\odels can be generated up to 50 GHz by using this ap-

From Table 11, it can be seen that the values of extrinsic inducto
Ly, Ls, and L, do not vary much and they do not need any scaling.

But the extrinsic resistors do need to be scaled. After carefully REFERENCES
examining the measured data, the scaling formula was determined
to be as follows: [1] M. W. Pospieszalski, “Modeling of noise parameters of MESFET's
1 1 9 and MODFET’s and their frequency and temperature dependence,”
ﬂ — & — W_g (15) IEEE Trans. Microwave Theory Techupl. 37, pp. 1340-1350, Sept.
R?  R? wi 1989.
1 w2 L} [2] B. Hughes and H. Kondoh, “12-GHz low-noise MMIC amplifier de-
ﬁ — s Zaf (16) signed with a noise model that scales with MODFET size and bias,”
Rz W} Li[ IEEE Trans. Microwave Theory Techupl. 41, pp. 2311-2316, Dec.
N 1993.
whereW, is the gate width and. is the length of gate finger. Fig. 6 [3] p. M. white and R. M. Healy, “Improved equivalent circuit for deter-
shows the comparison between measured and séalexhd R, . mination of MESFET and HEMT parasitic capacitances from ‘Coldfet’

For the intrinsic components, the scaling rule is simple and ™M measurements/EEE Microwave Guided Wave Letpp. 453-454,

conventional and is either proportional or inversely proportional to[4] (Dse%aﬁ?t?r?he A Ca £ Heliodore. and E. Plavez. A new method
the gate width. : » A Cappy, F. ) . Playez,

for determining the FET small-signal equivalent circuiZEE Trans.
Five different gate widths, 10@m, 1984:m, 300um, 396:m, and Microwave Theory Techyol. 36, pp. 11511159, July 1988.

600-um power P-HEMT were used in this work. THeparameters [5] L. Yang and S. I. Long, “New method to measure the source and drain
at 5-V drain voltage and 50%;.. were carefully measured and the Eesif'?”ce 7°5f t7h7e Saﬁsl%%SFETlEEE Electron Device Lett.yol.

. : . -7, p. 75-77, Feb. .
small-signal mo‘?'e's were extracted, respectively. Figs. 47 ShOV\féj M. Berroth and R. Bosh, “Broad-band determination of the FET small-
good agreement ii-parameters between the measured and the scaled  sjgnal equivalent circuit, IEEE Trans. Microwave Theory Techupl.
models determined by using the scaling rules. 38, pp. 891-895, July 1990.



