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Fig. 2. Theoretical values of A;/2(b+ 2d) versus relative width b/ (b + 2d)
of groove, where X, is the cutoff wavelength and a /(b + 2d) = 0.2.

mode approximate solutions are obtained in low-frequency limit and
are shown to be accurate for most practical applications.
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Phasor Diagram Analysis of
Millimeter-Wave HEMT Mixers

Youngwoo Kwon and Dimitris Pavlidis

Abstract—A phasor diagram method is developed based on an analytic
approach for conversion gain evaluation in HEMT mixers. The analytical
expressions derived in this work take into account the mixing terms
of nonlinear elements and provide a simple method te evaluate the
conversion gain. The phasor diagram analysis offers physical insight into
the mixing mechanisms and identifies the role of each harmonic of the
nonlinear elements of HEMT’s on the conversion gain. The method is
validated with the experimental data of W-band monolithic InP-based
HEMT mixers.

I. INTRODUCTION

HEMT’s are promising nonlinear devices for mixers due to their
highly nonlinear transconductance characteristics, as well as their
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Fig. 1. Simplified equivalent circuit of HEMT mixers used in the phasor
diagram analysis.

conversion gain capability. Recently, HEMT mixers have been re-
alized up to 94 GHz using InAlAs/InGaAs heterostructures [1], [2].
However, the complicated nature of their equivalent circuits and
highly nonlinear characteristics make their analysis and optimization
difficult. General mixer design and analysis methods were presented
in [3] and [4]. HEMT mixer design is usually based on harmonic
balance techniques available nowadays in commercial software pack-
ages such as Libra of EEsof. The design procedure involves, in this
case, consideration of the HEMT equivalent circuit, and definition of
the input and output terminations. Based on these, one can evaluate
parameters such as the conversion gain at the intermediate frequencies
under various input power levels. Furthermore, it is necessary to
understand the role of each nonlinear element and its higher order
intermixing terms on the conversion gain in HEMT mixers. In this
paper, an analytical expression for the conversion gain is derived
using a simplified equivalent circuit model. A phasor diagram analysis
is presented, showing the mixing components from each nonlinear
element and its higher harmonics. This allows one to obtain physical
insight into the mixing mechanisms and provides a simple analytical
expression for evaluating and optimizing conversion gain.

II. SimpPLIFIED HEMT MIXER THEORY

First, the nonlinearities of the HEMT’s are investigated using a
combination of a single-tone Harmonic Balance and FFT techniques.
The circuit configuration for the calculation was based on the
simplified equivalent circuit model of HEMT mixers shown in Fig.
1. Three elements are considered to be nonlinear and participate in
the mixing mechanism: Cy,, Gr,, and R4,. The other elements are
taken to be linear and included in the Z,(w) and Z;(w) impedances.
The harmonic generation of these three nonlinear elements are
investigated as a function of LO power. For this purpose, the
device was pumped with a single-tone variable-power LO signal
and the time-dependent data of the intrinsic nonlinear parameters
were calculated. These time-domain data were then transformed to
the frequency-domain data using FFT. Among the three elements,
G, showed the largest harmonic generation. Fig. 2 describes the
frequency domain data of G,. as a function of LO power for
a 0.1 pm-long, 90 pm-wide gate HEMT using InAlAs/InGaAs
heterojunction [5]. The generation of the first harmonic component
of Gm (Gm,) is significant at high 1O power levels and decreases
after a certain power level due to “parasitic MESFET” operation, as
shown in [2]. This component is later shown to be most responsible
for the mixing mechanism,

Based on the above considerations, an analytical expression is de-
rived for the conversion gain according to the following assumptions
and termination conditions:

1) The gate port is short-circuited at the “IF” frequency and only
the “Image” and “RF” frequencies are allowed. The higher
order harmonics are assumed to be negligibly small, a condition
which is satisfied, provided that a proper termination is present
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at the gate. Similarly, the drain port is short-circuited at the
“RF,” “LO” and higher harmonics.
2) For the simplicity of the calculations, the order of Ry, nonlin-
earity is limited to the first harmonics
The derivation basically consists of two parts: one concerning Cg,
and the other concerning G,, and Rg4,. The first step is to find out
the voltage V,(t) across Cy. as a function of Vrr(¢) which is the
RF excitation voltage. The voltage vector V() can be expressed as
the sum of the voltage phasors as follows

V,(t) = Z vgne](WRF+"“’LO)t (1)

n=—00

where wrr and wro are the RF and LO frequencies; the IF frequency
is defined as wrr = wrr — wro. The following voltage relation can
then be established between Vrr(t) and V(1)

Vo(t) = Vir(t) = Zu(w) 4 [Can®) - Vo8 @)

A simple expression for V,(¢) can be obtained after straight-forward
but rather tedious algebraic manipulations

Vy(t) = vgye’ RF? +v;26JWIMt 3)
where wrys is the image angular frequency, and

_ 14 jwrnZ(wina)Cys, - vRF

Vgo ; )
— Zs -
iy, = e Ze s Cor, onr ®

n =14 jCyslwrr Zs(wrr) + wine Zs(winr)]
—wrrwim Zs(wrr)Zs(win)(|Cysy|* + |Cysy |°) (6)

where vrr is the Fourier coefficient of the input RF signal. As shown
in the above equations, the second harmonic component of Cgs ()
is responsible for the generation of the image frequency compo-
nent across the input nodes. The image component can eventually
be downconverted to the IF frequency by intermixing with other
nonlinear components such as Gy, and Rgs.

The second part of the derivation identifies the mixing terms due
to G, and Ry, and evaluates the IF voltage component at the load
[Viead(t)] as a function of Vrr(¢). The load voltage, Vioqq(t) can
be expressed as a function of V,(¢t) as follows

Raclt) 210y, (0 @

Vioad(8) = =G (t) - 7y V7

After the Fourier expansions of G, (t) and Ry, (#) are introduced to
(7) and appropriate rearrangements are made, the following expres-
sions can be obtained

N z 77 (w)
, _ Jlwrot _l—w
‘/load(t) - l;N gmle {ZI(UJ) Zl(w) + Rd50
S (—1)%(&)31%“}-ng ®

where a = R, /(Zi(w) + Rasg)s

. > (2k+n
fn(z)EZ< . ):QH" for n>0
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and
Fon(z)=Fi(z) for n<0 ()
where (2'“,6‘*”) represents the combinations of 2k -+ n taken k at
a time. The complex series function F,(z) is here defined for a
complex number z and an integer n which identifies the order of the
function so that all subsequent equations are expressed with the help
of polynomials only. The magnpitude of F,,(2) increases sharply with
|2| and drops rapidly with the order n, implying that higher order
terms are negligible.
The IF component of the complete HEMT mixer circuit can then be
expressed as follows after collecting the wrr —wr o frequency terms

VIF(t) = (vgo -~ + U;2 . dy*)erIFt (10)

where

. Zi(wrp)Ras,
V= =gm, Zy(wrr) + Ras,

Z[(LUIF)Q e *
et ¢ gy T [l - F
ZI(U)IF) + Rdso Img v 1 (O[) +g 1[ 0(05)]
N
~gm F5(@) = Y gm (=) T FL(e)
I=—N, [1|>2

The conversion gain of the mixer can finally be expressed analyti-
cally as a function of the harmonics of each nonlinear element by
introducing (4) and (5) into (10)

Conversion Gain =
M+ jwrn Zs(wrar)Cysy] - ¥ ~ jwine Zs(wing)Clys, - Y7
" .

an

Here, the first component is the mixing term from the RF frequency
at the input which is downconverted to IF through the G, and Ry,
harmonics. The second term indicates the downconverted term from
the image (IM) frequency through the Cys, G, and R4. harmonics.
Equation (11) can be plotted in phasor form [Re(conv. gain) versus
Im(conv. gain)] and allows one to see the contribution of each
nonlinear circuit element (G, Cys, and Ry, ) to the conversion gain.

III. TypicAL HEMT MIXER PERFORMANCE
PREDICTIONS AND COMPARISON WITH EXPERIMENT

To illustrate the applicability of the phasor diagram approach, we
considered the HEMT equivalent circuit of Fig. 1 as applied to the
InAlAs/InGaAs HEMT for which the nonlinearities are shown in Fig.
2. The source [Z;(w)] and load [Z;(w)] terminations were assumed
to be about 10 Q2 at 94 GHz and 50 €2 at 3 GHz, respectively. This
corresponded to the conditions used for the 94 GHz MMIC HEMT
mixer presented in [2]. The mixing terms of (11) can be expressed
with the help of phasors in the 2-D complex plane of conversion gain
as shown in Fig. 3 for an LO power level of 5 dBm. Each of the
vectors indicates the mixing terms from the harmonics of the three
nonlinear elements. The following observations can be made from
Fig. 3:

1) The major contribution to the conversion gain atises from the

gm, Mmixing term.
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Fig. 2. Harmonic content of Gy, as a function of LO power for a 0.1 um
x90 pm InAlAs/InGaAs HEMT.
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Fig. 3. Phasor diagram of conversion gain vector, showing the various
mixing components (Pro = 5 dBm).

2) The r4s; mixing term multiplied by g,., degrades the con-
version gain due to its incoherent phase with the g, mixing
term.

3) The intermixing term from g,,, and ra., is not negligible and
adds in phase to the g, term.

4) The contribution from the intermixing terms greater than 2nd
order is very small.

5) The image component mixing term is small compared to RF
component because of the low ¢y, /¢gs, ratio.

6) Large gm,/gm, and rgs,/rqs, ratios are needed to obtain
optimum conversion gain.

Simulations using various LO power levels showed that the trends
described in points in 1-6 apply to a wide range of LO power
cases. The results discussed above identify clearly the role of each
HEMT parameters on mixer conversion gain and suggest methods
of improving the conversion gain through the control of device
parameters. Finally, in order to validate the formula, the conversion
gain calculated from (11) is compared in Fig. 4 with the measured
performance of the 94 GHz monolithic InAlAs/InGaAs HEMT mixers
realized by the authors [2]. Also shown is a two-tone harmonic
balance simulation obtained for the same device using EEsof-Libra
for the same source and load terminations. The complete HEMT
equivalent circuit was used for this simulation. Good agreement,
within 1 dB, can be seen over a wide range of LO drive levels.
The analytic expressions presented in this paper can clearly be used
successfully for first pass design and performance estimation of
HEMT mixers.

IV. CoNCLUSION

In conclusion, an analytical expression has been derived and a
phasor diagram analysis method has been developed which permits
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Fig. 4. Comparison of conversion gain calculated using the analytical phasor
diagram approach with experimental anid 2-tone harmonic balance simulation
results for a 94 GHz monolithic InP-based HEMT mixer [2] Vs = —1.0
V, Vgs = 1.0 V.

an improved physical understanding of the mixing mechanisms and
provides a simple method for first pass design of HEMT mixers.
Very good agreement was shown between the analytical predictions
and the measured performance of monolithic integrated InP-based
HEMT mixers operating at 94 GHz.
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