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Abstract—Optimum loading for a power enhancement-mode §1d
pseudomorphic high electron-mobility transistor (E-pHEMT) is Gpy Lg Q (et Vi) Ld Rd D
determined by a systematic harmonic load—pull simulation. The i N 1Vt Ves) Tye
simulation uses a modified Angelov—Parker model that can accu- [y

rately predict dc, small-signal RF, and power performance of the
devices. The optimum second harmonic loading for a 2-mm device
is found to be open circuit and the optimum third harmonic is at
the third quadrant, which is about 1/210°. The measured versus
modeled results show very good agreement and, therefore, verify
the model. The simulation predicts that as high as 80% power-
added efficiency can be achieved for E-pHEMT under optimum
source and load termination with harmonic tuning.

Pav=Yth

I. INTRODUCTION

NHANCEMENT-MODE pseudomorphic high electron- —— Cth Z‘“"
mobility transistors (E-pHEMTSs) have been of great in-
terest in wireless communication applications because they fea-
ture single supply operation while keeping the features of highy, 1 | arge-signal equivalent circuit of the transistor that including a RF
power-added efficiency (PAE) and high power gain [1]. Howfeed-through loops and a sub-thermal circuit.
ever, a good model formulation for E-pHEMTS is still lacking.
Design of an E-pHEMT power amplifier is still based on ex- Il. M ODEL FORMULATION
perimental load—pull at each harmonic, which is very time con-
suming. Therefore, it is highly desirable to rely on simulatio

A generalized equivalent circuit of a large-signal model of
Bseudomorphic high electron-mobility transistors (pHEMTS)

of load—pull has been reported elsewhere [4]. Fig. 1 shows the equivalent

TO. pgrf_orm an a_lccurate simulation of load—pull at ?aCh ha<‘§i’rcuit of the device. The model for the enhancement mode
monic, it is essential to have a good model for the device. Ma -mode) device is essentially the same as that for the deple-

commercial models for MESFETs and pHEMTs are found n |E>n—mode device. However, it requires more accurate fitting

tq be sgtisfactory because they lack accurat.e capacitance ﬂge thely,s and capacitance behavior become more critical.
dispersion models. The Angelov model [2] gives a very go e model has a thermal sub-circuit and a feedback circuit

description of dc characteristics and the Statz and Parker char . : . .
models [3] satisfy the charge conservation and describe V?Igﬁzed for modeling of self-heating and accounting for the

) . ) ) 'p(ference between RE,, and dc&y,.

well th_e pmc_hoff of gate—_source capam_tance. The dispersion The dc characteristics are defined as follows (refer to [4] for
fects, including self-heating and the difference of & and arameters; andeg,) [2]:

RF G,,, from those at dc, have been accounted for in the Alpr?a t b '

model [4]. In this paper, we combined all the features of the

models into an accurate and comprehensive model. In this ne
model, both formulations of the modified Angelov dc and Alpha Tox
owned model (AOM) charge model are used. 1 :T(l + tanh ¢)(1 + kVys)

Ves — Vo
Lis =1, exp (—c: Py ) 0.5 <1 + tanh <%)) Q)
det

Harmonic load—pull simulation has been reported previously
. . 1reported p X ta h( 0.95 — Vs Vq) 2
[5]. In this paper, a harmonic load elementin series IV is created anb { (@ +7(0-95 = Vi) Vs 2)
that allows separate harmonic tuning or optimization at eagfj
harmonic. Using the harmonic load makes the simulation very
efficient. ¢ =Pz + Pyz? 4 Pax?® (3)
x =Vg — Vio + Vasy 4)
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ation with a thermal constant; is the node-voltage coupled 25612
from the drain port via afC—R circuit. Cp, accounts for the
dispersion inGiys. Unlike conventional models, in which1g
independent RF conductance is assunteég, along with the 15612 4
dispersion in our model vanishes below pinchoff. This elimi- g

) . . 1.0612
nates the problem of a major PAE reduction at higher power ©
drive caused by the limitation of dynamic load line by the RF 5.0E13 §
(45 that would otherwise exist in all the region. In (1), parame-

2.0E12 1

tersl,, andVy., are used to tune thk... The AOM model for 0.0E+00 ) - : o )
capacitance, modified from Parker model, is expressed as fol- | )
lows: Vgs (V)

Fig. 2. Measured and fitted gate—drain capacitance versus gate voltage for

2 Vi = 0.5, 1,2, and3, respectively.
(Va4 Vo) + 4/ (Ve = V) + 62

Vi =tVer + (1= r) 5 1.0E-11
(6) 8.0E-12 - t . xgj
(Vgs + ng) + (VdQs + GQ) i 6.0E12 e
V., = 5 +e (VdQS + 6?) 9 —5-sim3
(7) O 40E12 1 —a—sim2
e SIM 1
2.0E-12 1 wm:::o.ﬁ
(Vi + Vaa) =/ (V2 +02)
— 2 2 0.0E+00 % ; . .
Ve = 2 te (Vds + 6‘5) -1 -0.5 0 0.5 1
(8) Vgs (V)
C S()Vbi
Qgs £ 1—-m + ngOVEQf 2 9) Fig. 3. Measured and fitted gate—source capacitance versus gate voltage for
1l—-ml1=1{(1= Va fl Vas = 0.5, 1, 2, and3, respectively, and total gatewidth of 2 mm.
Vi
Closo Vi [Il. M ODEL VERIFICATION
Qga = go b + CaoVerf1  (10)
1-V,\"7 " The E-pHEMT under study has a gate length of @7 and
lI=m|1- Vi f2 a total gatewidth of 2 mm. The model extraction is based on

dc characteristics and bias-depend8rparameters. The fre-
With Cyso, Cydor M, Vp, Vi, i, 6, andé, being the fitting pa- guency range is from 0.2 to 15.2 GHz and the bias range for

rameters.f; and f, are the bilateral transition factor and ard’ds IS from 0.25t0 5 V- andV; is from —3 to 1 V. The wide
expressed as bias range is needed to ensure broad-ranged fittiny iand

CV characteristics. The bias-dependent element values are then
3V, fitted to the model formulas to obtain the model parameters.
fi2=0.5 <1 =+ tanh < S)) . (11) Other sized devices up to 32 mm of total gate periphery were
b also characterized. A special scaling rule is developed for the

It was previously verified that these formulas satisfy charq(}iStrIbUted effects [6]. The model is then coded into Libra Se-

conservation [4]. There are no conditional expressionsiin |es_IV by compiling a senior element. -
and@V equations and, therefore, they have continuous deriva_-F'g' 4 compares_the meas_ured and modeled de characteristics.
tives to any order. The continuity in derivatives is a prerequisi{EIS seen that the fitting is fairly good. Fig. 5 plots the measured

requirement for correct simulation of the third-order distortio Ed mo?eledg[paramelters ﬁv“i §b3 V and V‘a%s :tho.g'V. lated
and the linearity [3]. The parameter extraction started wit € scaling rule was aiso checked by comparing the simulate

deembedding the small-signal equivalent circuit at vario S—paramete_rs to the_ measured data for Vafious size of devices
biases. Gate forward conduction was taken into account h2 Same bias condition. Good agreement is found for all those

deembedding to avoid errors in gate—capacitance extractiBRg.]paQS%ns' th deled and d ;
The extraction was performed using our in-house progr 'g. b shows the modeled and measured power performance

zggr a 4-mm E-pHEMT under 56} source and 5@2 load con-

ALPHAEXT. Figs. 2 and 3 show the modeled (line) an i Th ti tout . d PAE
measured (symboll’,s and Cyq, respectively, as function . tions. The agreement in output power, power gain, an

of V., with Vi, being a parameter. It is seen that the modé!lwncateS the validity of the scaling rule.
predicts very well the pinchoff in capacitan€g, and Cg,

versusVg,. The pinchoff behavior is essential since most of the
period of the gate voltage swing is well below the pinchoff at To achieve the best power performance, it is essential to find
a higher power. An improper capacitance model may resulttime optimum loads at the fundamental and at harmonics as well.
great discrepancy. A two-port harmonic load element is created in SerieslV as a

IV. LOAD—PULL SIMULATION
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Fig. 4. Modeled (line) and measured (symbol) dc characteristics.

Fig. 7. PAE (%) versus second harmonic loadfat 0.9 GHz andP;,, =
9 dBm for 2-mm deviceVy, = 3.2V, 14, = 50 mA.

Fig. 5. Modeled (line) and measured (symbShparametersVy, = 3V,
Ves = 0.3 V.
¢ Fig. 8. PAE (%) versus third harmonic load At= 0.9 GHz andP;, =
9 dBm for 2-mm deviceVy, = 3.2V, I3, = 50 mA.

N
(3]
-3
o

@ 20 - = w:j- 60 Q= power, namelyp.52/76.8° for the source an®.36/148° for

%15 W gt the load.

% 10 | P J’o - 40 ;u ‘ﬁ’ Itis seen that the optimum load at second harmonic is an open

3 /o pag 20 g2 circuit with maximumPAE = 74.7%, whereas the worst case

5 51 & - is a short-circuited load WitRAE = 48%. Next, after fixing the

S0 i 0 second harmonic load to be an open, we simulate the load—pull
1510 -5 0 5 10 15 at the third harmonic, and the results are plotted in Fig. 8. Itis

INPUT POWER (dBm) found that the optimum reflection for it is abolt 210°, where
the PAE = 75% and the worst point is about/90°, where
Fig. 6. Modeled (line) and measured (symbol) output power gain and PAEfpiA ;. — 63%. Fig. 9 shows the measured results for second har-
a 4-mm deviceVy, = 3V, I4, = 50 mA. . . .. .
monic load—pull. The solid-state tuner has a limited tuning range
for second harmonic covering abowf.8 of the Smith chart.
senior element in that the magnitude and phase-pérameters In spite of the limited tuning range, it is clearly seen that the
are specified at each harmonic. In order for it to be lossless, igtimum second load is indeed close to the open side, namely,
S-parameter matrix is written to be unitary. at0.77/0°, with PAE = 72.4%, while the worst loading is
Load—pull simulation is performed at = 0.9 GHz and only slightly deviated from a short circuit with somewhat in-
P,, = 9dBm for a 2-mm E-pHEMT. A load—pull system fromductive. Its phase is abowtr/8. Fig. 10 shows the measured
ATN Microwave Inc., Billerica, MA, was employed in the power performance with the second harmonic termination set at
measurement. Fig. 7 plots the PAE versus the second harmdnits/—10°. Also shown is the comparison with simulated re-
load impedance. The source and load at the fundamental suds at two harmonic loading conditions, the second: both use
set to be a tradeoff between the best PAE and maximum outputs/—10°, and the third: open or short. The measured PAE
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to a short circuit. Fig. 11 shows the simulated power perfor-
mance. It is seen that the PAE is as high as 80%. The PAE as
high as 80% has been achieved with more devices in more ex-
tended load—pull measurements.

The harmonic tuning for best PAE is opposite to the conven-
tional class F, where the second harmonic is set at short and
the third harmonic is set at open. We have found that our new
mode has higher efficiency than class F at a bias class-AB con-
dition. Although the device in this paper is an E-mode pHEMT,
this high-efficiency mode can be equally applied to other power
transistors, such as a D-mode FET and heterojunction bipolar
transistor (HBT).

V. CONCLUSIONS

A comprehensive and accurate model has been developed for
Fig. 9. Measured PAE (%) load—pull results at second harmonic an E-mode pHEMT. The model takes into account charge con-
é = 0~9TC;]HZ andP;, =9 dftft?-‘/k_lsh? 3~§V %n?hfdo =50 mA f0ftatlh2-frfpt servation, capacitances near and below pinchoff, and disper-
evice. e maximum IS al e rignt ena an e minimum IS ai e lett engd. e - _
PAE: = 72% versesc 50%. grong. Ad(_jltlonal parameters are useq tq fit m_gs. In con
junction with a harmonic load element in simulation, the model

_ 25 -~ F 80 successfully predicts the power performance and optimum har-
2 20 gl 60 8 o r_nonic Ioadi_ng. As high as 80% P_AE can be a_chieved under op-
z 15 9 §>:_ tlmgm loading and with ha_lrmomc tun_mg. It is found that the_
© Pout [ 40 28 optimum PAE can be obtained by tuning the second harmonic
§ 10 4 - us at a vicinity of open and third harmonic at close to short. The
‘.5' 5 | - 20 RE model is verified by comparing the simulated dc RF character-
54 0 o 0 istics and power performance to the measured results.
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