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Abstract— An analytical analysis of noise figures in
HEMT mixers is presented. Improved method was de-
veloped to evaluate the noise correlation. A simplified
analytical expression for noise figure of HEMT mixer was
also derived. The contribution of each noise source at
various frequencies was represented in a phasor form to
permit physical understanding of noise mechanism. The
modeled noise figure was compared with the measured
data, yielding a good agreement.

I. INTRODUCTION

PHEMT mixers are one of the most promising candi-
dates for mm-wave MMIC mixers[1]. Potential for con-
version gain and easy integration capability with other
circuits such as LNA’s and VCO’s makes this type of
mixers very suitable for low-cost mm-wave receivers.
There have been a number of analysis methods for FET
mixers[2,3]. They can be categorized into analytical and
numerical analysis. Although numerical analysis can
be general and more accurate, it does not offer physi-
cal insight into mixing mechanism. Analytical method,
on the other hand, allows one to understand the role
of each nonlinear element and noise contributions from
each noise source inside the device. This kind of infor-
mation is valuable in optimizing the mixer performance
in conjunction with the device parameters.

The analytical expressions for conversion gain have
been derived for HEMT mixers by the author in [2]. This
work extends the analysis presented in [2] to derive ana-
lytical expressions for noise figure. There were a limited
number of theoretical works on FET mixer noise[4-6].
Numerical approaches were used in [4][6]. The work by
Tie and Aitchison[5] derived an analytical solution, but
the method was based on time average values of each
nonlinear element, resulting in oversimplified results. In
this work, noise correlations between different mixing
frequencies as well as different noise sources were con-
sidered. In addition, the noise correlation calculation
presented in [4] was modified to get better results. Sim-
plified analytical expression for noise figure of HEMT
mixer was derived and the phasor diagram analysis was
performed. The analysis method was verified with mea-
sured results.
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Fig. 1. Simplified equivalent circuit of HEMT mixers for the

calculation of mixer noise figure

II. ANALYSIS METHOD

The equivalent circuit of HEMT’s together with asso-
ciated noise sources is shown in Fig. 1. In order to sim-
plify the analysis, the following assumptions were made.

1. The gate terminal is short-circuited at the IF fre-
quency and the harmonics. Only the RF and
IM(image) frequency components are present at the
gate.

2. Order of nonlinearity is limited to 2 except for the
output conductance (G 45 ) whose nonlinearity is lim-
ited to one. Mixing with an order greater than 3 was
thus neglected.

Noise power is present at RF and IM frequencies at the
gate, and RF, IM and IF frequencies at the drain. The
noise sources considered include the extrinsic thermal
noise source due to access resistances (R,, Ry, and Rq
in Fig. 1), and intrinsic noise sources due to the device
operation (g and ¢2 in Fig. 1). Noise coefficients(P, R,
C) were used to represent two intrinsic noise sources and
their correlation as in [4][7].

The noise figure can then be written in the form
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(1)

where @ represents the thermal noise power at the load

generated by R, and R, at IF frequency, and E 1s

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



2

the noise power from R;. ¢; is the noise component

due to intrinsic noise sources and is therefore correlated.
Finally, E is the noise power coming from the source
through the input matching circuit. Each noise current
component was calculated independently using a super-
position principle. First, E was calculated using the con-
version gain formula derived in [2]. The only difference
from the conversion gain calculations is the presence of
sources at two frequencies instead of one, one at RF and
the other at IM. E can then be represented as a linear
combination of RF and IM components as :

(2)
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where
(3)
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(4)

noise current components of 7, and ¢5 as

i = XigRF + YigIM + xidRF + yidIF + ZidIM (7)
where X = GrrpZs(wrr), Y = Gy Zs(winm). X, y and
z are the transfer functions from 74 to load. The noise
current power is then given by

—
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Eq. (6) contains correlation effects between i, and i4
at various mixing frequencies. The noise correlation be-
tween m’th and n’th mixing frequencies of 7,, for exam-
ple, was given in [4] as
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Grr 18 conversion gain from RF to IF frequency, and
G is that from IM to IF frequency.

The same approach can be applied to the calculation
of E with the sources replaced by 4KTB(Rs+R,). i,
is calculated using the linear transfer function from R4
to the load. The intrinsic noise component 7 was calcu-
lated by carefully taking correlation effects into account.
The noise component due to 4, (in Fig. 1) was calculated
using the conversion gain formula similar to @
Noise component due to ¢4 consists of the linear noise at
IF frequencies and the nonlinear component at RF and
IM frequencies downconverted to IF by G4; nonlinear-
ity. The total noise current at the load is the sum of the

(6)

and 2.

of g, Cys and noise coefficients(P, R, C), making the
evaluation easy. It is, however, not a true representation
of the correlation. According to Dragone[8], the corre-
lation between m’th and n'th mixing frequencies of i,
should be expressed as

- C2(HR(t

ig, by, = 4AKT Buww; [798( JR( )] (10)

gm(t) m—n

where [ |m—n denotes (m — n)'th fourier coefficient.
The above equation can be either evaluated nu-

merically by calculating the fourier components of

C’;s (t)/gm (1) - R(1) or expressed analytically in terms of

harmonic components of g, Cy, after proper approx-

imation. The latter is required for deriving analytical

formula for noise figure.

ITI. ANALYSIS, SIMPLIFICATION AND COMPARISON

The analysis method was applied to a transconduc-
tance mixer shown in Fig. 2. An X-band MIC HEMT
mixer was designed, fabricated and tested for this pur-
pose. The noise parameters (Fnin, R, and I'ype) of the
HEMT’s were measured up to 40GHz at various V, and
V4 bias points, and the bias dependence of P, R and C
were extracted as seen in Fig. 3. Using a table-based
nonlinear model[1], single tone harmonic balance simu-
lation was performed to evaluate the harmonic compo-
nents of g,,, Cy; and Gy, at various LO power levels.
Intrinsic noise components were evaluated following the
analysis given in the previous section and the results
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Fig. 2. Equivalent circuit schematic of gate mixer
were represented in a phasor form in Fig. 3. Dominant

components can be easily found for Fig. 4-6 The corre-
lation effects increase the noise figure as seen in Fig. 3.
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Fig. 3. Phasor diagram of total noise current power(NCP) due to

2,42 and igiy, (Pro = 3 dBm)

After evaluating each component, a simplified analytical 0.15
expression can be obtained in the form
% 01
R, + R 2
F=1+ M (11) 2
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The first term in the numerator of third term in (11) -0.05
0 0.5 1 15

represents ig noise from RF to IF. The second term is

the linear noise of i3 and the third term represents the
noise correlation between the RF component of ¢, and
the IF component of i .

In order to validate the analysis method, the modeled
noise figure data was compared with measurements in
Fig. 7. Good agreement was found between measured
and modeled noise figure. The fit was good for a broad
range of LO power levels. The noise figure calculated
with the simplified formula (Eq. (11)) was within 0.6dB
from the measurements. It can easily be employed as a
first-pass design tool for HEMT mixers.

IV. CoNcLUSIONS

An improved analytical analysis method for the eval-
uation of noise figures in HEMT mixers was developed.
Noise correlation calculation presented in [4] was modi-
fied to allow better results. Simplified analytical expres-
sion for the noise figure was derived and contributions
of each noise source and frequency were represented in a
phasor form. This method permits an improved physi-
cal understanding of the nonlinear noise mechanism and

Real part of NCP due to i,” (10™)

Fig. 4. Phasor diagram of g coming from each frequency compo-
nents (Pro = 3 dBm)
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Fig. 5. Phasor diagram of g coming from each frequency compo-
nents (Pro = 3 dBm)
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Comparison of measured and modeled noise figures.
Circle-dotted line represents the measured data, and solid line
represents the calculated data using the new method. Im-
provement in the fit can be observed at high LO power levels.

provides a simple method for first-pass design of HEMT
mixers. The model was validated with measurements.
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