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AI..SZ’RACT-Without many lengthy and expensive

design/fabrication/test itcrdions, we have trained a

numhcr of MM-IC designers who can contribute to the

industry wcn I)d’orc they ~rildui]tc. The i]pproach

involws mainly lill.gC-SigOill mo(lcling and internid-node

microwi}vc \vil\’cform probing of existing MMIC chips.

Typically, it starts h~ il compimy iM{ing us to hcip

dii]gnosc o ~~ltiliil MIMIC. Students then e~trilct li~rgc-

signal tl.ilnSiStOl. models thcmsclwx and use the models

to simulilte the intcrnill-node Wilvcforms of the MMIC.

By comparing the mmlclcd and measured rcsuks,

students gain insight of the MMIC working principles.

Next, design improvement is suggested and vcritled by

novel catting i~nd pilsting techniques. Li]stl~~ by focusing

on microwiwe }~i]~cforms students are p roflcient in both

frc(lucncy - i~n(l time-(lomilin tcchniqucs, mi~khtg them

])illtiCUlilrl~ suitilblc for modern wireless

communiciition applications which involve complex
sign:l[-nlo(lut;~tio~]” schcmcs.

1. ISTWYJCTION

Onc of lhc most imporlant MMIC applications

i n\ ’ol\cs RF/micro\\mc po~vcr ampliticrs. Ho\vcver, in spite

of lhc adlancc i H nonlinear large-signal modeling and

anaIysis, most MM 1C po\\er ampl ifiers have been designed

based on snudl-siy:d models and empirical load-pull data.

Using SllCh 211 i)pprO:lCIl, many design/fabrication/test

i[crations arc of[cn rcqaircd to meet the performance

specifications. \\’il]l conflicting goa]s sLlch as (1) higher

pcrforlnancc for increasingly complicated signal-

lllOCILlhl[ ion Schclncs> (2) tilnc-(o-lnilrket even more

importa[][ tl]an superior pcrformancc, and (3) cost being the

king, it is obl’ious [I]at nonlinear large-signal modeling and

:lnaiysis shoulcl bc used to design the amplifiers from the

bcgintling or, at least, to guide design modification between

iterations.
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Since old habits are difficult to break, we set out to

train a new breed of MMIC designers who have hands-on

experience with nonlinear large-signal modeling and

analysis thereby are convinced of their utility. Upon

entering the industry, these new designers can quickly

impact the company bottom line by using large-signal

models to make the current empirical practice more

efficient, before attempting to start a revolution by insisting

on doing everything right from scratch.

Notice that nowadays few companies and universities

can afford the design/fabricationAest cycles solely for

training purposes. Shared MMIC fabrication similar to the

MOSES program for digital IC’S has been impractical

because present MMIC designers require extensive

engineering support form the wafer foundry. For the same

reason, MMIC designers trained in virtual environment

tend to have unrealistic expectations.

Fig. 1 A transistor cell cut from the output stage of a

multistage MESFET MMIC amplifier. (.) through-
substrate via. () area cut by f- ion beam. @j paste-on

metal along the chip edge. (G) MESFET gate. (D)

MESFET drain.
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II. A1’1’RO/\cllM

As usual, Iargc-signal circuit analysis starts from large-

sigiud transistor modeling. Si [Ice most companies either

ha!’c large-signal transistor models of doubtful validity or

no Iargc-signnl model at all, it is necessary to extract the

models ourselves. Ideally, models can be ext ratted from

discrc[c devices of various sizes {hat are fabricated together

on the MMIC unfcr as process-con(rol monitors. If suitable

discrctc dcviccs are not available it will be necessary to cut

lhcm out of an MMIC and paste ground pads on the

illput/oulput lines to facilitate micro;vave probing.

Fig. 1 illustrates ho~v CCIISof different sizes are cut

frOlll (he OU@lt Stage Of L) MESFET lllUhiStFLge pOWer

a nlpl i ficr. UsLK)lly cu[t ing is done by focused ion-beam

c~clling, klser ablation, or ultrasonic probing, depending on

thc lraclc off bc[\veen precision and cost. In the case shown

in Fig. 1, became the ou(put matching network is placed off

chip (for improved power-aclclcd efficiency), the output
gro[lild pack can bc pasted a tong lhc cclge of Ihc Chip using

a probe ivhich has been dipped in silver epoxy.

Altcrl]a[ivcty sclcc[ilc II ICIal clcposi[ioil can be done by a

foc[lscd ion beam albci[ \cry sloivly. design. Input
gro(lnding has already been provided by the through-

subslratc vias ~vhich arc il][cgral 10 (1IC MMIC design.

fn o(hcr cases a small cl~ip [I] con(ai ning sui[able prob

co[l(act pack and a (ranslllissioll line stub is mounted abut

[Ilc MMIC chip. Tllc transmission line stub is then

counccted via a short bond wi rc to a suitable location along -

lhc input or output line of IIw transistor (Fig. 2). Using

siini Iar cllt(ing and pasting {cchniques, an MMIC can be

disscc[cd \vl~iic splicing 011pmsi\c elements or diodes to

[CS(circuil design modification hypotheses.

Fig, 2 An in[crnal cell coI~IIccIccl }ia short bond \vires to
oclj;lccllt chips \YIIicl) coll(aill sllitablc probe contact pals.

(.) ll~rotlgll-sllbstr:lte I’ia.

From properly conf@red transistors, large-signal

models are extracted and verified (including scaling) from

dc characteristics and microwave scattering parameters in

the conventional manner. The models are constructed in

popular commercial simulation tools [2] utilizing user-

defined elements. Additional fine-tuning and model

verification are performed through comparison with

i nputioutput current and voltage waveforms [3] that are

measured by the technique described below. By combining

large-signal transistor models with passive element models

based on the MMIC layout, internal-node waveforms as

well as MMIC inputioutput characteristics are simulated

using the same commercial simulation tool.

Fig. 3 shows that the internal waveform probing setup

involves mainly a high-impedance microwave probe and a

microwave transition analyzer [4]. The contacting probe

facilitate accurate calibration at both dc and RF levels. The

high impedance of the probe presents little perturbance to

the MMIC under test in real operating conditions. This is

especially true for power amphtlers which tend to have

relatively low internal impedances. The probe has a single

tip (without any grounding contact) hence can be used

an,ywhere on the MMIC without special test patterns. This

is in contrast to the above described transistor probing for

model extraction purpose in which ground pads must be

provided to maintain a 50 Cl environment all the way to the

probe tip.
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Fig. 3 Pulsed internal-node microwave waveform

measurement setup.

The transition analyzer uses a harmonic sampling

technique to obtain both frequency- and time-domain
information. In pmticular, both the magnitudes and phases

of the harmonic components of a microwave signal are
measured which can then be used to reconstruct the VOkLge

waveform in time domain.
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Using standmd freqllcllcy-do}l~:)ill techniques, the III. RESULTS AATDDISCUSSION

measurement set up is readily calibmtcd and the mcmured

harmonics rotated to an inlernal node of the MMIC. From Using the above approaches, we have helped a number
~ol [age ~~avcfornls measured on [IVO int crnal nodes of companies such as Anadigics, Hughes, ITT, Raytheon,

scpa ralcd by a kno\\’n impcd;l ncc, cm-rent waveform is Rockwell and TX to diagnose and improve their MESFET,

calcu]alcd. From the ra{io of voltage and current HFET and HBT MMIC power amplifiers while educating
~v;l\Jcfornw, internal load impcciances are dclernlined at our students. A few examples are illustrated in the
each harmonic frequency. Rccen(ly, the above described following.
technique \vas modified to allo~v pulsed internal waveform

probing of MMIC’S that are designed either for pulsed

operation or flip-chip packaging [5]. This shows that the

present technique can work equally well On MMIC’S of

either microstrip or coplanar design.
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Fig. 4 (—) Modeled vs. (~) measured intrinsic (a) emitter

and (b) colleclor characteristics of an HBT under Class C

operation, 1~~~= 0.8 V. J/Cz= 4 V. P1,i,= 11dBm @ 2 GHz.
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Fig. 5 Dynamic load lines of second-stage (—) inner and (-

--) outer cells measured on a MESFET coplanar power

amplifier (a) before and (b) after design modification. The

dynamic load lines are measured at 5 PS after pulsing l~m
from = O.-6 to -1.6 V for 10 ,USwith a repetition rate of

200 Hz. VDD= 7 V. PIN= 5, 11, 17 and 23 dBm in (a) and

5, 11 and 17 dBnl in (b).~= 2 GHz.
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Fig. 4 sho~vs the results of a large-signal transistor

model extracted from a GaAs/AIGaAs HJ3T having an

cmi(ter arc:) of approximately 300 ~~nl?[3]. The model was

cst raclcd \vit h Illc help of large-signal \vavcforms ~vhich

:]llo\\ccl the collector tral}sit (imc 10 be separated from the

LO{:lIclclay. This is particularly important for po~ver HBT’s

\\’l~icli lend to have a thick collcclor and its structure must

be op[i mizccl for high breakdown voltage ~vith adequate

cu rrcnt capacity and switching speed. It can be seen that

lhc modeled and measured intrinsic emitter and collector

charac{cristics are in reasonable agreement.

Fig. 5 compares the measured dynamic load lines of a

two-stage GaAs MESFET coplanar MMIC power amplifier

before and after design modification [7]. The second stage

of Ll]c amplifier comprises four transistor cells lvhich are

arraycd in o clircclion perpendicular to the line of symmctr-y

~lhich connects [hc MMIC input with its output. The t~vo

cells that arc closer to the line of symmetry are designated

as illllcr CCIIS\\hilc the rcnmiaing t\vo cells that are closer

10 [Ilc edges of the MMIC ore desi.ryated as outer cells. As

scca in Fig. 5a, before modification, the outer cells are

i Improperly load-matched thereby contribute little output

polver. By interaction through the power combining lines,

(he inner CCIIS are also mismatched although not as

severely. After modification, the inner and outer cells both

arc nuttcllcd and hal’e adcqualc output powers.
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Fig. 6 ll~scr[ion phases of a three-s[age HFET power

amplitler mexwred (—) with and (... ) without bias-

stabilizationdi odes. l&=-1.2V. J~~~=6V. P1N=2dBm.

Fig. 6sho\vs that athrcc-stage GaAs/AIGaAs HFET

po]lcr alnpl i ficr cxhibi [s sudclcll phase changes ~vithin the

tx!!ldffidth of7 to !).5 GHz [S]. By probing the input and

otIfp LI( ofcacll of the tllrcc stages. it ~vas fo~lnd that the
plmc discoillill~lily originalccl Ill:liill! from the third stage

\\l~crc i[ i!:ls ctri~cn in[o hc:n? compression. In-depth

simulation and analysis led to the conclusion that the

phase discontinuity was due to a complicated interaction

between premature breakdown and self biasing. An

approach to reduce the phase discontinuity by clamping

down the gate bias voltage with diodes was therefore

hypothesized and verified experimentally as shown in the

figure.

IV. CONCLUSION

Approaches to train MC designers with hands-on

experience of large-signal modeling and analysis were

developed using internal-node microwave waveform

probing of existing MNfIC chips in conjunction with novel

cutting and pasting techniques. By comparing the modeled

and measured results, students gain insight of the MMIC

working principles while helping companies solve real

problems. Thus, upon entering the industry, these students

can hit the ground and run, while gradually tranform the

current practice of MMIC designers.

ACKNOWLEDGMENT

The author is indebted to the assistance of the

coauthors listed under [3] to [8].

REFERENCES

[1] ProbePoint, Jmicro Technology, Portland, OR USA.

[2] Series 11< HP EEsof, Westlake Village, CA, USA

[3] C. J. Wei, Y. E. Lau, J. C. M. Hwang, W. J. Ho and J.

A. Higgins, “Waveform-based modeling and

characterization of microwave power heterojunction

bipolar transistors,” IEEE Trans. M7T, vol. 43, pp.

2899-2903, Dec. 1995.

[4] C. J. Wei, Y. A. Tkachenko, J. C. M. Hwang, K. R.

Smith and A. H. Peake, “Internal-node waveform

analysis of MMIC power amplifiers, ” IEEE Trans.

h~, vol. 43, pp. 3037-3042, Dec. 1995.

[5] J. W. Bao, C. J. Wei, J. C. M. Hwang, R. F. Wang and

C. P. Wen, “Pulsed internal-node waveform study of

flip-chip MMJC power amplifiers,” in Dig. IEEE MT?’-

SInt. Microwm)e ~wnp., June 1997, pp. 905-908.

[6] M. S. Shirokov, R. E. Leoni, C. J. Wei and J. C. M.

Hwang, “Breakdo\vn effects on the performance and

reliability of power MESFETS,” in Technical Dig.

IEEE Ga4s IC &wp., Nov. 1996, pp. 34-37.

[7] J. W, Bao, C. J. Wei, J. C. M. Hwang, R. F. Wang, C.

P. Wen and T. A. Midfor& “On-w,tier, pulsed internal-

node waveform verification of improved coplanar

MMJC power amplifiers.” to appear in Dig. Int. C’onf

Ga.4s A4anufacturing Technology. Apr. 1998.

[8] C. J. Wei and J. C. M. Hwang, “Trap-induced phase

discontinuity of HFET power amplifiers,” submitted to

IEEE Trans. MT

1998 IEEE MTT-S Digest

0-7803-4471-5/98/$10.00 (c) 1998 IEEE


