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Analog MMICs for Millimeter-Wave Applications
Based on a Commercial 0.14m
PHEMT Technology

Herbert Zirath Member, IEEEChristian Fager, Mikael Garcia, Paulius Sakalas, Lars Landen, and Arne Alping

Abstract—This paper describe recent results obtained from
the monolithic—microwave integrated-circuit design activity at
Chalmers University, Géteborg, Sweden. The goal is to design
all circuits needed for the front end of a 60-GHz wireless local
area network and to build various system demonstrators. Some
recent experimental results from this activity like different
60-GHz amplifiers, a general-purpose IF amplifier, a 60-GHz
resistive mixer, and frequency multipliers are reported in this
paper. Parameters such as the gain, conversion loss, noise figure,
dc-power dissipation, as well as the model used in the simulations
are reported and discussed.

Index Terms—Amplifter, frequency mixer, frequency multi-
plier, MMIC, millimeter waves.

I. INTRODUCTION Fig. 1. Layout of a 2x 50 pum gatewidth device.
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lutions, and the possibility of interference-free system configsnce Research Agency (FOI), Linkdping, Sweden, and Eric-
rations. The use of 60 GHz for such applications is very integzon Microwave Systems AB, Méindal, Sweden, have started
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Fig. 4. Measured?y,—V,, characteristic aty = 0.05 V.
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Fig. 3. Measured,.—V,; characteristic a4, equalto 1 and 2 V.
Fig. 5. Circuit diagram of the feedback amplifier.

switches, resistive mixers, and attenuators utilize the unsat- . oL
urated part of thel«—V,s characteristic, at low drain—sourcefeedb""_Ck resistanc;, and the characteristic impedanig,
voltage, where the device works as a gate-voltage-controlREPUMIngs11 = 522 = 0 as follows:
resistor. In this regime, th&y.—V,, dependence is important
[17]; it is shown in Fig. 4 for the 10@:m test device. The
minimum Rq. is 1.0 2 - mm. S-parameters and noise pa-The gainS,, of such an amplifier is then
rameters were also measured based on an HP 8510C and an

ATN NP5 on-wafer noise parameter test system on a variety Spp = Zo — Ry
of HEMTs with varying sizes as a function of bias. From A

these measurements, we have extracted large-signal modelﬁq Lo C .
. . e above expression is, of course, a simplification, which
and bias-dependent noise models to complement the found

: . Aelertheless gives a basic understanding and an estimation of
models. Our models are described in [1] and [2]. the gain that can be achieved by a single-stage feedback ampli-
fier. In the simulation, we use a full equivalent-circuit model,
which also include the appropriate noise sources. The amplifier

Different amplifiers based on grounded gate and resistiveas designed with the goals to give a minimum gain of 20 dB
feedback topologies were studied. Tparallel resistive feed- in a frequency range of 2—20 GHz, with a noise figure less than
back amplifierwas found to be particularly interesting since8 dB. In order to achieve this, two transistor stages were cas-
it can give an attractive combination of key parameters suchded. The gates and drains are accessible by dc probes. This en-
as gain, gain flatness, input and output standing-wave ratibles an experimental investigation of the bias tradeoff in terms
(SWR), noise figure, linearity, output power density, dc-poweaf gain, output power, noise figure, etc. The circuit diagram of
dissipation, and circuit area. The theoretical foundation ttie feedback amplifier is shown in the Fig. 5. Both transistors
this circuit is described very well in the literature [3]-[7].have a gatewidth of 4 50 ;m yielding a maximum transcon-
The feedback is utilized by connecting a resistor between tactance of nominally 140 mS. The feedback network is a re-
gate and drain. If the transistor is represented by a simpglistance of 25@ in series with a 1-pF capacitor. The second
model consisting of only a voltage-controlled current generatstage has an inductor in the feedback path in order to give the
with the transconductance,,, simple circuit analysis gives amplifier a gain boost at the high end of the frequency range.
the relation between the transistors transconductgpcethe Both drains are connected to the supply voltage through a 4-nH

Rf = 9m Zg

:1_gnl'Z0-

[ll. IF/BROAD-BAND AMPLIFIERS
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Fig. 6. Feedback amplifier.

Fig. 7. Optimized and fitted (lines) values of the Pospieszalski drain

. . . temperature. Circles: transistor with 108 and triangles with 20@m
inductor. The gates are biased through $D@ate resistors. The gatewidth. Open symbols correspond ¥ = 2 V, solid symbols to

input and output are dc isolated through coupling capacitancgs.= 1 V. -
Input and output coplanar-waveguide (CPW) probes and pads

for bias are provided to facilitate "on wafer” characterization of 600

the amplifier. The total chip area is;2 1.5 mn?, while the ac-

tive area of the amplifier is approximately 1 mnThe layout of 500 ; Vs 2
the MMIC in shown in Fig. 6. The small-signal parameters of the *
devices were obtained by means of the cold-FET method with 400 by sl - - *
an equivalent circuit that has been described elsewhere [8]. In 8 : STy
addition, the noise parameters of both transistors were measured 300 | oo, e
at different bias conditions. From the noise measurements, the

Pospieszalski parameters, drain temperal@yeand gate tem- 200 |-

peraturely [9] were initially extracted and then tuned by di-

rect optimization with the gradient method. Once the optimized 10, 200 oo
values were calculated, a nonlinear curve fitting was made to

obtain an analytical expression for bdth andZp, as a func- Jo. mA/mm

tion of th.e drain current density. The most accurgte pr(_edlctl?dn% 8. Optimized and fitted (lines) values of the Pospieszalski gate
of the noise parameters was achieved by assuming a linear @gperature. Circles: transistor with 16 and triangles with 20gim
pendence fofl; and a hyperbolic dependence with a currematewidths. Open symbols correspondits = 2 V, solid symbols to
density offset fofT}, as follows: Vo =1V.

Jp — Ji
T = Tpp cosh % 100 ]
1

YT

wherelnyg, Jo andJ; are fitting factors. The accuracy of this
expression has also been verified at bias points near pinchoff
operation. Figs. 7 and 8 show the calculated drain and gate tem-
peratures for drain voltages of 1 and 2 V, and different drain
current densities. Two transistors of different gatewidths were ,
measured to verify the scalability of the model. As can be ob- ©0006009004b00000°9°%°% 4o
served in Fig. 4, the discrepancies between the drain temper- j ‘
atures of both devices remain low enough to safely apply the S PRI RN R SR
above expression with the same fitting factors to both devices. 5 10 15 20
The MMIC was characterized by using a vector network ana- Frequency, GHz

lyzer, i.e., HP 8510C, and an “on-wafer” noise parameter mea-
surement system (ATN). The simulated and measured ampliffiés. 9. Measured (open symbols) and simulated (lines) minimum noise figure
gain and minimum noise figure’.,) are given in Fig. © for 210,98 of e Wde band ampifer et fecuency. ran e of e s
the optimum bias conditions. The bandwidth is approximatety., = o v, v, = 0 V.
20 GHz and the minimum noise figure was about 2.6 dB. Simu-
lation were perfgrmed by using a commercially avaﬂablg CoNiferent frequencies. In Fig. 10, the simulated and measured
puter-aided design (CAD) toélThe output power versus input . o

; X . .output power versus input power characteristic is shown at a
power and drain supply voltage was also investigated by using,

. X . . 2 in supply voltagé’y, of 1.5, 2, 3, and 4 V at 10 GHz. The
harmonic balance simulations and experimental verification at_ . . .
maximum measured output power is approximately 19 dBm at

2MDS, Microwave Design System, Agilent Technologies, Palo Alto, CA. an input power of 0 dBm and 2.5-dB compression. From Fig. 10,

.0 000 pg
10

Finin, Gain, dB
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we can also obtain the 1-dB compression point veFsusThis Geate bias [V]

relation is plotted in the Fig. 11. As can be noticed from thls

14. Gain, drain current per stage, &nthctor (right axis) versus gate bias
figure, the 1-dB compression power increases quite rapldlyfgiHZAMPGO
Vaa up to 3 V. Above 3V, the increase in the 1-dB compressed

power is much smaller. The efficieney= P,.;/Ppc is 20% . o .
atVyy = 34 V. be stable (no signs of oscillations could be noticed) for all pos-

sible bias conditions. At a bias 0f,4 = 3 V and a drain current
of 2.7 mA per stage, the measured mid-band gain is 17 dB. The
IV. 60-GHz AMPLIFIERS gainis increasing with increasing current (at 4 mA) and the gain
Different designs of amplifiers were evaluated with differeris increased to 21.6 dB. The amplifier is also unconditionally
transistor gatewidths. Two designs are shown below (sst&ble at;q = 3V for all bias points, i.e., the amplifier cannot
Figs. 12 and 13). Design 1 is a three-stage amplifier utilizingscillate forany possible passive termination at the input and
2 x 15 pm gatewidth devices for minimum dc-power dissioutput. A typical bias point could b€, = 3V and a drain cur-
pation and low-noise applications. The other design is alsent of approximately 3 mA per stage yielding a total dc-power
three-stage, but based onxd 15 um gatewidth devices for dissipation of 27 mW; the gain is then 17 dB and the 3-dB band-
higher output power. width is 57—60.8 = 3.8 GHz. Thek-factor is 2.3 for this case.
The first design (HZAMP®60) is designed to have the minFhe observed gain, drain current, and stability factor is shown
imum noise at 60 GHz, which is accomplished by using an input Fig. 14 as a function of gate bias.
stub forI'-opt matching. A matching stub is also used at the The second design (HZAMP601) usex4L5 ;,m gatewidth
output in order to match the output port at 60 GHz. The gates athelvices, which increases the maximum output power compared
drains can be biased individually in order to investigate the bitsthe previous desigif},,; = 12 dBm was measured &t =
dependence. Resistors are placed in the bias lines to the gates At V4 = 3V andlyy = 9 mA/stage, the gainis 17.6 dB
and drains to achieve electrical stability. The amplifiers wewmnd the 3-dB bandwidth is 54.3—60 GHz, i.e., 5.7 GHz. If the
measured by using an HP8510XF network analyzers coveriogrrent is increased to 12 mA, the maximum gain increase to
2—-85 GHz in one frequency sweep; all measurements were [{&0-4 dB with a 3-dB bandwidth of 54.0-59.75 GHz; théactor
formed by using coplanar probes. Both amplifiers were found i®then 2.2. The noise figure is not measured yet.
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Fig. 15. 60-GHz single-ended HEMT resistive mixer. Fig. 17. 30-60-GHz doubler chip.

18 loss is optimum at a gate voltage -60.5 V in good agreement
_ 16 ‘\ with simulations. The conversion loss is 8 dB, at an LO power
%.. 14 SN of only 3 dBm. This is normally sufficient for down-converter
g 12 \ applications in combination with a low-noise high-gain ampli-
[=] . . . . . .
= 10 N~ fier. This mixer is also quite broad band, and the conversion-loss
% 8 variation is less than 1 dB for an RF signal between 50-62 GHz.
4 6
=]
S 4 VI. FREQUENCY MULTIPLIERS

2k . . .

ok Frequency multipliers might be an alternative for the LO gen-

eration in the millimeter-wave bands. Instead of using a fun-
damental frequency oscillator, the oscillator can be designed
at a lower frequency and then multiplied. Several different fre-
guency multiplier designs were evaluated like 30-60-GHz dou-
blers, 8-32-GHz quadruplers, 16—32-GHz doublers, etc.
Different 30-60-GHz multipliers have been designed; thus
far, one has been characterized. The chip presented here is
Several different millimeter-wave frequency up/down corshown in Fig. 17. This frequency multiplier is based on two
verters, based on resistive mixing in the channel of the HEMfFansistors; the first is used for harmonic generation, the second
working at a center frequency of 60 GHz were designed, batls an amplifier. Suppression of the fundamental frequency
single ended and balanced. The resistive mixer was first dmmponent is achieved by “shorting” the drain through a short
scribed by Maas as aX -band mixer [10]. Several different transmission line, a MMIC frequency-doubler topology that
mixers have also been realized mainly based on InP HEMTs Wgs first described in [18]. This type of frequency doubler has
our group [11]-[14]. By utilizing InP HEMTS, lower conver-the advantages of a small circuit area, low power consumption,
sion loss at much less local oscillator (LO) power is typicallpnd good suppression of unwanted harmonics. The measured
achieved compared to GaAs-based resistive mixers [15]. N@utput power is 6 dBm at an input power of 5 dBm. The
ertheless, the technology used in this study is well suited for 1&-dB bandwidth is 48—-60 GHz. The fundamental frequency
sistive mixing due to the low specific on resistance of the actigippression is 20—-30 dB within the band and the dc-power
devices. The layout of a single-ended mixer is shown in Fig. 1&nsumption is 275 mW; we believe, however, that this power
The LO signal is connected to the left CPW pad, the RF to tltensumption can be reduced considerably by redesign. The
right CPW pad, and the IF to the upper pad. The LO signalfiequency response is shown in Fig. 18.
applied to the gate, modulating the drain—source resistance oAn 8-32-GHz frequency quadrupler was also designed, fab-
the HEMT. If an RF signal is applied to the drain, then the dramicated, and characterized based on the same circuit topology
current will have a spectral component corresponding to the difs the previous one. It consists of two cascaded frequency dou-
ference frequencyro — frr. This signal is extracted throughblers, each transistor has a gatewidth of#®. The chip layout
the IF filter. The IF filter is realized with open stubs. The conand the measured output versus input power characteristics at
version loss, i.e., the ratio between the RF and IF power, can®&Hz are shown in Figs. 19 and 20. The maximum output
minimized by adjusting the shape of the resistance waveforpower is 1.2 dBm. This quadrupler has a maximum conversion
This is done at a particular LO power by optimizing the gatgain of 1 dB. The 3-dB bandwidth at 0-dBm input power is
bias voltage. It is possible to bias the gate through the seca&®@5-33.2 GHz. The dc-power consumptidn depends on the
bias pad at the bottom of the figure. According to the simul&xcitation level since the devices are biased close to pinchoff.
tions, a conversion loss of 7.7 dB is obtained at an LO powAt the maximum output power, the dc-power consumption is
of 5 dBm. The 60-GHz measured optimum conversion loss agjgproximately 100 mW. Measurements shows that the output
function of the LO power is shown in Fig. 16. The conversiopower is compressed at input powers abevedBm.

-10 -5 0 5 10
LO Power [dBm]

Fig. 16. Measured optimum conversion loss versus LO power at 60 GHz.

V. FREQUENCY CONVERTERS
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Fig. 18. Frequency response of the doubler.

Fig. 19. 8-32-GHz quadrupler chip.
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requirement would be an attractive parameter. The 60-GHz
amplifiers reported here with 30m gatewidth transistors
perform well (17-dB gain, three stage) at a power dissipation
of 27 mA. It was shown that by doubling the gatewidth, the
bandwidth was increased by approximately 50%, but the power
dissipation was more than doubled for the same gain. Since itis
zero, the resistive mixer is an excellent choice if the dc-power
dissipation is an important parameter. Efficient conversion
can be achieved with a low LO power; 0-5 dBm is sufficient
for most applications. The frequency multipliers require most
dc power, approximately 50 mW for a frequency doubling.
One possible approach would be to minimize the gatewidth of
the transistors and to use a post-amplifier, utilizing transistors
with a minimum gatewidth. Another approach to investigate
further is the resistive FET/HEMT doubler [19], [20]. This
circuit is similar to a resistive FET mixer, but the same signal
is applied both at the gate and drain with a phase difference
that maximizes the conversion efficiency. The multiplied input
signal is extracted from the drain through a bandpass filter. A
conversion loss of 4-5 dB can be expected.
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