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Computer-Aided Noise Analysis of
MESFET and HEMT Mixers

VITTORIO RIZZOLI, MEMBER, IEEE, FRANCO MASTRI, anp CLAUDIO CECCHETTI

Abstract — The paper discusses a novel numerical approach to the noise
analysis of MESFET and HEMT mixers of arbitrary topology. A qualita-
tive picture of the complex physical mechanisms responsible for the
generation of the IF noise is first outlined, and the corresponding computa-
tional algorithms are presented. The derivation of a noisy nonlinear model
for the microwave FET is then addressed, and it is shown that a satisfac-
tory solution to this apparently formidable problem can be obtained by
combining a conventional time-domain model with standard noise informa-
tion. The method has been implemented in a computer program designed
to work in conjunction with an existing general-purpose harmonic-balance
simulator. An example of application is described in detail to demonstrate
the excellent performance of this new software tool.

I. INTRODUCTION

ONLINEAR CAD techniques for microwave mixer
Nanalysis and optimization are well established. Con-
version-matrix methods have been in use for years {1]-[5],
and full nonlinear approaches based on the harmonic-bal-
ance concept have recently become available as standard
capabilities of commercial general-purpose simulators (e.g..
[6] and [7]). An important shortcoming of existing soft-
ware, however, is that mixer noise analysis is not addressed
in a systematic way.

As a matter of fact, even from a theoretical viewpoint,
there is a considerable lack of information concerning the
noise analysis problem for FET mixers. While diode mixer
noise has been exactly analyzed in the classic papers by
Held and Kerr [1] and Kerr 2], an extension to the FET
case does not seem to be available. A few partial solutions
have, indeed, been proposed. For instance, Tie and
Aitchison [8] introduce an approximate explicit formula
for the gate mixer, while Dreifuss ez al. [9] make use of a
phenomenological expression of the noise correlation ma-
trix. However, these attempts have so far not led to a
generally accepted computational procedure, as witnessed
by recent books on the subject [10], [11]. More recently, a
generalized computational scheme for noise calculation in
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nonlinear circuits has been introduced [12]. In this paper
we show that the concepts discussed in [12] can be devel-
oped into a software tool suitable for use in microwave
engineering practices. This software is designed to work in
conjunction with an existing general-purpose nonlinear
simulator based on the harmonic-balance technique [13].
The compatibility is ensured by the fact that all noise
calculations are carried out in the frequency domain.

The applications described in the paper mainly concern
MESFET mixers. However, it is generally acknowledged
that the same nonlinear equivalent circuits usable for
MESFET’s are equally valid for HEMT’s (e.g., [14]) and
that the basic noise equations are also similar for the two
kinds of devices [15]. Thus the noise analysis programs
described here are directly applicable to HEMT mixers.
The analysis of DGFET mixeérs is also possible, provided
that an equivalent representation of the dual-gate FET as
the cascode connection of two conventional FET’s is avail-
able. The general-purpose numerical approach adopted is
warranted by the wide variety of mixer topologies, both
single- and multiple-device, that are of interest for mi-
crowave applications (e.g., [10], [16], and [17]).

1L NOISE ANALYSIS

The goal of the noise analysis is to find the spectral
distribution of the noise power actually delivered to the IF
load. From this information the mixer noise figure or any
other quantity of interest can be derived in a straightfor-
ward way. ‘For instance, let us denote by dN(w) the
average power delivered by the spectral components of the
load noise waveforms lying between w and w + dw when
the load itself is assumed to be noiseless, and the source is
kept at the reference temperature T, =290 K. Then the
SSB spot noise figure at a given w may be expressed as

27dN(wig)
K TG (0gp) de

(1)

F(wIF) =

where K, is Boltzmann’s constant, and G is the transducer
conversion gain between the radio frequency wyy and the
IF of interest.

In order to compute dN(w) we must perform three
fundamental steps. We first need a comprehensive qualita-
tive picture of the complex nonlinear phenomena that take
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Fig 1. General equivalent representation of a noisy mixer. The  (7)
are Norton equivalent noise current sources at the linear subnetwork
ports. The ;(¢) are noise current sources at the mtrinsic FET gate and
drain terminals.

place in the circuit to provide a suitable basis of under-
standing for the subsequent mathematical developments.
Then we have to carry out a perturbational analysis of the
LO-pumped steady state, which will enable us to compute
the power transferred to the load from any source injecting
into the circuit a small signal in the presence of the local
oscillator regime. Finally, we have to derive the necessary
information on the statistical properties of the noise
sources, starting from the available information on the
passive subnetwork and on the active device.

From a practical viewpoint, our purpose is to develop an
analysis program to be run in conjunction with a general-
purpose harmonic-balance (HB) simulator [13]. We shall
thus refer to the equivalent representation of the mixer
shown in Fig. 1, which may be considered an extension of
the usual decomposition adopted to apply the piecewise
HB technique [18]. For our present purposes the nonlinear
subnetwork is just a collection of intrinsic FET (or HEMT)
chips, while all (linear) parasitic elements are included in
the linear part.

From the viewpoint of noise analysis, the circuit in Fig.
1 is a sort of Norton equivalent. Of course, it is exactly a
Norton equivalent for the linear subnetwork, while for the
FET chips it is simply obtained from the usual transistor
representation consisting of a noiseless intrinsic device
with a noise current source connected across the
gate—source port and one across the drain-source port
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STEADY STATE NOISE SOURCES
UNCORRELATED
NOISE SIDEBANDS
MODULATION
Lo
HARMON | CS CORRELATED
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Fig 2. Flowchart of the IF noise generation mechanism.

(e.g.. [19]). All noise current sources are explicitly shown in
the equivalent circuit.

From the viewpoint of nonlinear analysis, the circuit in
Fig. 1 is a perturbational scheme. We take for granted the
existence of a stable time-periodic local oscillator regime
and analyze the effects of superimposing the noise sources
on such periodic steady state under the assumption that
the noise spectral components are small compared to the
local oscillator harmonics.

Fig. 2 is a pictorial representation of the physical mech-
anism giving rise to the IF noise. Since a dominant
steady-state regime exists in the circuit, every aspect of its
electrical behavior is scanned in a time-periodic fashion at
a rate corresponding to the local oscillator period. In the
frequency domain, this implies the interaction of all spec-
tral components whose frequencies differ by integral mul-
tiples of the local oscillator frequency. For a spot noise
calculation at a given IF, we thus have to consider all noise
sidebands whose frequencies differ from the selected IF by
such amounts. This means that a generic noise waveform
will be represented by

n(t)y =2 Neexp|j(wp+ kwy)t] 2)
X

where w; is the LO angular frequency and N, is the
random complex amplitude of the pseudosinusoidal noise
component at the kth sideband, ws + kw,. From a physi-
cal viewpoint, (2) represents that component of the actual
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Fig. 3. Equivalent circuit of a noisy intrinsic FET.

noise waveform whose spectrum lies in a small neighbor-
hood dw of wy.

The qualitative noise picture obtained from Fig. 2 is
now as follows. There are two kinds of noise sources acting
in the circuit: the nonlinear device sources and the linear
subnetwork sources. If the nonlinear devices were at rest,
that is, only dc biased, the nonlinear noise source side-
bands would not be correlated and would depend on the
device bias points. Such sources are thus modulated by the
local oscillator waveforms. The actual nonlinear noise side-
bands are then partly correlated, because each one is a
combination of the original uncorrelated dc sidebands.
Because of the frequency conversion in the pumped non-
linear device, each noise sideband generates an IF noise
component, and such components are correlated. To find
the IF noise power generated by the nonlinear device
sources we have to take the squared magnitude of the sum
of all such components and then compute its statistical
mean by taking the correlation coefficients into account.

Of course, the situation is much simpler for the linear-
subnetwork noise sources. These generators are not af-
fected by the local oscillator regime, since their statistical
properties depend only on the linear subnetwork topology
and temperature. Their uncorrelated noise sidebands are
converted by the pumped nonlinear device, resulting in
uncorrelated IF noise contributions which may be super-
imposed in power. The same is true for the linear and
nonlinear IF noise contributions, which are clearly uncor-
related due to their independent physical origins.

Note that from the above picture the frequency conver-
sion produced by the FET nonlinearities clearly appears to
be the heart of the IF noise generation mechanism.

Still following Fig. 2, we now outline the steps of the
noise-analysis algorithm. We start from a general time-
domain description of the active devices in the parametric

form
dx d"x
o{¢) =u[x(t),7d~t—,- . ,W]
. dx d’"x
1(t)=w[x(t),g;u”.ﬁ} (3)

where v and i are vectors of voltages and currents at the
device ports, u and w are vector-valued nonlinear func-
tions, and x is a vector of time-dependent quantities used
as state variables. This approach is illustrated in detail in
[13]. All vectors in (3) have the same size nj, equal to the

overall number of device ports. Equations (3) are very
convenient for a FET when the voltage across the gate-lo-
source capacitance is chosen as a state variable (see Fig. 3).
When using the piecewise harmonic-balance (PHB) tech-
nique for nonlinear circuit analysis, the network is de-
scribed in terms of a state vector X of all state-variable
harmonics. Likewise, the set X, of the dc components of
x(t) identifies the active-device bias point.

Referring to Fig. 1, let us denote by j,;.(#, X;) the noise
sources introduced by the nonlinear components (‘“‘nonlin-
ear” noise sources) when the local oscillator pump is
suppressed and the active devices are dc biased at the
point X, (“static” condition). These static noise sources
are random functions of time, but are deterministic func-
tions of X,. Under. dynamic conditions, i.e., when the LO
drive is applied, the nonlinear noise sources are thus
modulated in a deterministic way by the time-periodic LO
regime. We write the relationship between static and dy-
namic nonlinear noise sources in the form

J(1) = h(1)ja(t, Xp) (4)

where h(t) is a diagonal matrix of size n; and is time
periodic with period 27/w,. Each entry of h(t) plays the
role of a modulation law for the corresponding static noise
source. The Fourier expansion of k(¢) may be written

(1) = L H,exp(jpwot)
P

(5)

where H, is a diagonal matrix of size np, and H_, = H*
(* = transposed conjugate). The details of the derivation of
h(?) for a FET will be given in Section IIL

Making use of expressions similar to (2) for the nonlin-
ear noise sources, from (4) and (5) we get

Jp:sz—stcs‘ (6)
5

Equation (6) shows that the dynamic noise sidebands are

partly correlated even though the static ones are not.

Finally, if we introduce the correlation matrix of the static

nonlinear noise sources, namely C4.(w), from (6) the corre-

lation matrix of the dynamic sources is easily derived:

<Jp'lq*>=qup—scdc(wIF—sto)Hsfq (7)
$

where ( ) indicates the statistical mean. Note that Cy (w)

is a block diagonal of the individual device correlation

matrices (each 2X2 in size), which may be regarded as
known for FET (or HEMT) devices (see Section III).



1404

For the linear subnetwork, the correlation matrix C,(w)
of the equivalent noise current sources shown in Fig. 1 is
defined by

(I, Iy =8JC, (wip + pey) (8)

where & is Kronecker’s symbol. Note that in the derivation
of C; the IF load resistor must be treated as a noise-free
component for the definition (1) of noise figure to apply.
An important point is that general algorithms allowing this
to be done for a completely arbitrary linear subnetwork
topology are available in the technical literature (e.g., [20]).

When the noise-source currents (Fig. 1) are superim-
posed on the local oscillator regime, the steady state is
perturbed in the sense that relatively small random distur-
bances are added to the steady-state waveform of each
time-dependent quantity. For a spot noise calculation at a
given wp, the perturbations have the form (2) and can
thus be represented in the frequency domain by the vectors
of all sideband phasors. The perturbations of the state
variables, the voltages, and the currents at the device ports
will be represented by the vectors 8X, 8V, 81, respectively.
Similarly, for the linear and nonlinear noise currents we
introduce the vectors J, and J (see Fig. 1).

The noise-sideband phasors are related by the conven-
tional frequency-domain equations of the linear subnet-
work and by the conversion equations of the nonlinear
devices [21]. For the linear subnetwork we may write (see
Fig. 1)

A3V +B(I+J+J,)=0 (9)
where 4 and B are block diagonals of the conventional
circuit matrices at all sidebands. For the nonlinear devices
we have to carry out a first-order perturbational analysis
of the LO regime [12]. This leads from the time-domain
nonlinear device equations (3) to a set of frequency-
domain linear equations in the sideband phasors (conver-
sion equations) of the form

oV =P8X

51 = Q8X (10)

where P and Q are conversion matrices.

The conversion matrices may be directly derived from
the device equations (3) by the following algorithm [21].
Let us introduce the Jacobian matrices of & and w in (3)
with respect to the state vector x and its time derivatives.
In steady-state conditions (no perturbations) all such
quantities are time periodic with period 27/w, and can be
represented by Fourier expansions. We write

Ju

e =2C,,. ,exp(jpw,t)
m lss p

dw .

e =YD, ,exp(jpwyt), (m=0,1,---,n) (11)
y”" ss ])

where y,=x and y,=d"x/dt™. We then define the
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submatrices

1

Pk,p= Z [j(wIF+ka)] mCm,p

m=0

n

Z [j(wIF + kwo)] mDrn.p’

m =10

(12)

Finally, the conversion matrices are given by

0= [Qk,S*/\]

where s is the row index, and k is the column index, of the
generic submatrix.

Note that (9) to (13) represent a generalized approach to
the conventional conversion-matrix analysis of microwave
mixers. Besides being fast and general, this type of ap-
proach is also numerically accurate. The availability of
general-purpose nonlinear simulators with multitone anal-
ysis capabilities [13] allows this accuracy to be quantita-
tively established; for instance, by the above-described
algorithm, all elements of the conversion matrix of a
pumped FET can be found with at least five exact decimal
digits in both magnitude and phase.

By combining (9) and (10) with conventional linear
circuit analysis techniques, the noise-sideband voltage and
current phasors at any point within the mixer can easily be
expressed as functions of the noise sources. In particular,
we are interested in the noise current sidebands 67,
through the IF load resistor Rp. Since (9) and (10) are
linear, 8/, is a linear combination of the noise-source
sideband phasors J;, and J,, that is,

0l = ZTkp<JLp + Jp)
r

P=[P, ] (13)

(14)

where T), represents a sideband-to-sideband conversion
matrix. A detailed derivation of T, , 18 reported in [12]. If
we now recall that the sideband count is such that k=0
yields the intermediate frequency, from (14), (7), and (8)
we obtain the noise power to be used in the noise figure
definition (1) as

dN(w) =R 2 T,),C) (0 + pwo) Ik
P

+RIFZ I, ZHp—scdc(w1F+Swo)Hs—q To’;-

p-q 5

(15)

Equation (15) may be considered as the quantitative state-
ment of the qualitative noise picture given in Fig. 2. Here
mixer noise is essentially described as a frequency-conver-
sion effect, the pattern of interfrequency power flow being
determined by the set of sideband-to-sideband conversion
matrices.

As a final remark we note that the above analysis
apparently does not make any mention of the noise in-
Jjected into the mixer by the local oscillator. As a matter of
fact, this additional problem may be treated in two differ-
ent ways. One is to consider the combined mixer and local
oscillator as a single circuit, and to apply the same analysis
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to this extended nonlinear network. On the other hand, if
the detailed topology of the local oscillator is not available,
its noise can be treated as additive noise due to an addi-
tional noise source acting in the circuit. Of course the
statistical properties of this source must be known a priori
for the calculation to be possible. The IF noise generated
by this source may then be computed by an equation
having the same structure as the second term on the
right-hand side of (15), with the quantity enclosed in
square brackets replaced by the correlation matrix of the
local-oscillator noise sidebands.

III. NONLINEAR Noi1SY MODEL OF THE

MicrowAVE FET

In this section we address the difficult problem of deriv-
ing a noise description of the FET (or HEMT) operated in
a large-signal time-periodic regime. From the theoretical
point of view, the starting point here is represented by the
well-known noisy equivalent circuit of the dc-biased intrin-
sic FET, which is shown in Fig. 3 in its most simplified
version. This circuit is already in the form of a Norton
equivalent, and is thus directly usable within the frame of
the general noise analysis approach described in Section I1.
The spot correlation matrix of the gate and drain noise
current sources is [19] (T = device absolute temperature)

w’C?
2 £R - jwCy/PRC
Cac(w) =—KyTdo|  &n ‘ (16)
joCy/PRC 8P

where the gate and drain noise parameters R and P and
the correlation coefficient C are related to the physical
noise sources acting in the channel and are thus functions
of the device structure and of the bias point. R and P will
be referred to as the foundry factors in the following.

In a mixer the FET is not only dc biased, but also
pumped by the local oscillator. We accomplish the transi-
tion from the static to the dynamic case by a quasi-static
assumption, that is, by treating the LO-driven periodic
steady state as a time-dependent bias point. Note that this
is conceptually similar to using the dc characteristics as
instantaneous voltage—current relationships at microwave
frequencies, which is a common practice in nonlinear
circuit simulation. Under this assumption, we obtain the
correlation matrix in dynamic conditions by taking the
static correlation matrix (16), and formally replacing
the bias point X, with the periodic steady-state x(¢) in
the expressions of all bias-dependent quantities (i.e.,
Cys 8> R, P,C).

Let us now rewrite (4) for the gate and drain noise
current sources of a generic FET in the form

ig(t) = hg([)igdc(t’ XO)

id(t)zhd(l)iddc(tﬂXO)' (17)

If we square the two sides of (17) and take the statistical
mean, and remember that 2 2 and h, are deterministic
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functions, from (16) we obtain

Clx ()] { gn(X)  R[x,(1) }”2
C(X) T\ gulxa(0]  R(X,)

gnl*u(D] Plxa(1)] }“
2.(Xo) P(X,)

In this way the modulating functions required by the
general analysis of Section II may be directly computed
once the steady-state x_ () has been found.

From a practical point of view, the most difficult aspect
of the entire procedure is to establish the numerical values
of the foundry factors and of the correlation coefficient as
well as their functional dependence on the bias point.
Theoretical calculations have been carried out by several
authors (e.g., [15] and [22]), but the related software is
usually not available. Also, the results presented in differ-
ent papers are sometimes conflicting, so that some kind of
experimental support seems to be necessary. We thus need
a reliable method for extracting the required data from the
usually available noise information, represented by the
classic four spot noise parameters. The latter are defined
by the well-known expression of the noise figure:

1) =

ha(e) = { (18)

R
F= Fpyt = [(Gs =GP+ (Bs = By (19)
N

where

F =device noise figure at a fixed bias point,
F,_ . =minimum noise figure,
R, =noise resistance,
G =source conductance,
B, =source susceptance,
G, = optimum source conductance,
B, =optimum source susceptance.

The noise parameters, F. , Ry, G,, and B, are obviously -
frequency- and bias-dependent.

Let us now introduce the admittance matrix y of the
intrinsic FET. Making use of conventional noise analysis
(e.g., [20]), the spot correlation matrix of the gate and

drain noise current sources may be expressed as

Cy(w) = EKBTd‘” Gy +|Yu’Ry )’2*fY1;rRN (20)
7 ¥y Ry | ¥21l Ry
where
(Fuin=1)°
Gy =Go(Fpn—1)— iR,
Yy =y +Gy+ jBy— Foun~ (21)
IR,

Note that the inverse relationships of (20) and (21) are also
explicitly available [20].

Of course, (20) and (16) must coincide, so that the
foundry factors must be related to the admittance and
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Ry
P= |}’21|2—'

m

gm(GN + |YN|2RN)

R=
wngz

R, 1/2
Gy+ Y[Ry |

. Y
jC= Dl 4 (22)
21

Equations (22) cannot be directly used to extract the
foundry factors from measured quantities, since they make
use of the noise parameters of the intrinsic FET, which are
not directly measurable. This difficulty may be overcome
by making use of the noise de-embedding procedure de-
scribed below. As shown in Fig. 4, the extrinsic FET can
be represented as the intrinsic device embedded in a linear
4-port, which is used to model the relevant parasitic ef-
fects. This network is known from well-established linear
modeling approaches.

If we denote by Y the admittance matrix of the embed-
ding network, we can partition Y into 2 X2 submatrices as

follows:
oY Y
|y, Y

el €e

(23)

where the subscripts i and e stand for “intrinsic” and
“extrinsic,” respectively (see Fig. 4). Making use of the
linear noise analysis method discussed in [20], we can
relate the noise correlation matrix of the extrinsic FET,
namely C,(w), to that of the intrinsic device by the equa-
tion (see [20, egs. (18) and (19)])

C,= MRe(Y)M*+ M.C, M* (24)
where
M=-Y,(Y,+p)"
M=[M)|L] (25)

(I, = identity matrix of order 2). Equation (24) takes into
account the fact that the embedding network is reciprocal.
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From (24) through (25) and (23) we obtain
Cac=N,[C.—Re(Y, )| N* = N, Re(Y,,)

—Re(Y,)N* —Re(Y,) (26)

where N, =ML,

The overall identification procedure can thus be summa-
rized as follows: i) the measured noise and admittance
parameters of the extrinsic FET are used to compute C,
by equations similar to (20) and (21); ii) an equivalent
circuit of the extrinsic FET is found and the admittance
matrix of the embedding network is derived; ili) C,, is
computed by (26), the intrinsic noise parameters are ex-
tracted from (20) and (21), and the foundry factors are
obtained by means of (22).

In practice, the combination of the measurement errors
with the de-embedding process (the latter requiring the
intervention of the device parasitics) can produce some
uncertainties in the estimated intrinsic noise parameters.
Thus the above procedure is best used in a least-squares
sense, for instance to approximate the noise data measured
over a frequency band at a fixed bias point. Under this
respect, the use of a simple theoretical model through a
parameter fit to measured data is very convenient, because
it effectively helps to smooth out errors and inconsistencies
of any kind.

A further important point is that the measured noise
parameters are usually affected by a noise contribution
arising from ohmic losses in the device measurement setup.
Following Gupta [23], this contribution is accounted for
by means of an equivalent noise conductance G, connected
in parallel at the device input (i.e., at port 3 in Fig. 4),
which is treated as an additional free parameter in the
fitting process.

As an example of an application, we consider an
Avantek AT 8251 FET biased at V, =3 V, I, =20 mA.
Fig. 5 shows the best fit to the measured behavior of the
minimum noise figure F,, in the 1-10 GHz band, with
and without an input noise conductance. The sets of
parameters corresponding to the two computed curves are

G =0
P =201
R=040
C=0.71 (27)
and
G, =1/2400 Q
P=205
R=0.19
C=10.88. (28)

The values (28) give an excellent fit between measured and
computed noise parameters, the maximum error on F,

(e.g.) being of the order of 0.1 dB. Also, the estimates of
the foundry factors and of the correlation coefficients are
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well within the typical ranges [15]. On the other hand, a
comparison between the two computed curves clearly shows
that the circuit noise conductance G, provides the only
means of accurately modeling the low-frequency behavior
of F_ .. Note that because of its numerical value, G, has
no effect on any aspects of the FET performance other
than noise, and thus cannot be detected by scattering-
matrix calculations.

In order to find the dependence of the foundry factors
on the bias point, the whole procedure can be repeated for
several bias settings of the active device. A check of the
accuracy of the overall noise model derived in this way is

given in Fig. 6. Here, the computed minimum noise figure
of the AT8251 at V,,=3 V and f=4 GHz is plotted
against the drain current and compared with the measured
values available from the data sheet. Once again the fit is
excellent, with maximum errors of the order of 0.1 dB.

1V. FINAL CONSIDERATIONS AND RESULTS

As an example of application, let us consider a FET gate
mixer whose schematic description in terms of a lumped-
element equivalent circuit is given in Fig. 7. This circuit
was designed for an RF bandwidth ranging from 8.1 to 9.1
GHz with an 8 GHz local oscillator. The design was
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Fig. 8. Gain and noise performance of the FET mixer depicted 1in Fig 7.

carried out by a general-purpose harmonic-balance simula-
tor with optimization capabilities [13], and the mixer was
realized in hybrid form using an AT 8251 device. A
nonlinear time-domain equivalent circuit of the active de-
vice was derived from dc and scattering-matrix measure-
ments by a procedure similar to that described in [24]. For
optimum noise performance the FET was biased very close
to pinch-off (V,,=—-14V, V, =3 V).

The behavior of this mixer is illustrated in Fig. § in the
case of an 800 MHz IF. The black square dots show the
dependence of the measured noise figure on local oscillator
power with a 50 £ source and load. The noise figure has a
relatively flat minimum at power levels below 3 dBm, with
an absolute minimum value of 6.5 dB around 0 dBm. The
computed results also shown in the figure are in very good
agreement with the measured ones. The error on the mini-
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mum noise figure is about 0.3 dB, and the two curves
appear to be shifted by approximately 0.5 dB on the
average. ,

For comparison, the mixer conversion gain is also plot-
ted in the same figure as a function of LO power. The
observed shift between the gain maximum and the noise
figure minimum is due to the bias dependence of the
foundry factors. The device is biased near pinch-off, which
means close to a minimum of the drain noise power [15],
and the gate voltage swing in maximum-gain conditions is
large. Decreasing the LO power thus results in a reduction
of the internally generated noise and of the noise figure as
well. This trend lasts until the quick drop of the conversion
gain causes the noise figure to rise again. Thus the noise
figure minimum is considerably shifted backwards. This
result is consistent with several experimental observations
(e.g., [4], [8]-{10]).

To carry out the computations a program was written
having the structure of a set of subroutines which work in
conjunction with a general-purpose harmonic-balance sim-
ulator [13]. The FET models have been enhanced to in-
clude the noise sources and to accept the measured noise
parameters, besides the conventional equivalent-circuit in-
formation, as input data. The analysis of the local oscilla-
tor regime and the various steps of the noise analysis are
then carried out automatically. The program accepts an
arbitrary user-defined linear subnetwork topology. For the
single-ended FET gate mixer the whole noise analysis
takes about one fourth of the CPU time required by the
harmonic-balance analysis of the local oscillator regime.
Thus once the necessary software has been developed,
noise information becomes available at little additional
cost beyond that of a conventional mixer analysis.

A completely general-purpose program for the noise
analysis of nonlinear microwave circuits should include a
1/f noise source. This may be significant for mixers with a
low IF (less than a few MHz), and is certainly necessary to
describe the near-carrier noise in oscillators.

In principle the inclusion of such a source is straightfor-
ward, since it can be treated in exactly the same way as
any other one. Specifically, this source may be represented
as an equivalent current source to be connected in parallel
to i, at the intrinsic FET input (Fig. 3), which leads to the
appearance of an additive term in the 1-1 element of the
correlation matrix (16). Since empirical descriptions of
the bias dependence of the 1/f source are available in the
literature (e.g., [25]), the modulating function for this source
can easily be derived, and the analysis method of Section
IT becomes directly applicable.

In practice, there is experimental evidence reported in
the literature that the sideband correlation properties of
the 1/f source are somewhat anomalous due to the com-
plexity of the related physical mechanisms [25]. The impor-
tant point here is that our numerical approach allows
empirical corrections of the sideband correlation coeffi-
cients to be introduced, if necessary, without any diffi-
culty, since the correlation matrix (7) is explicitly made
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available by the program at an intermediate step of the
computational procedure,

In conclusion we can foresee that in the near future the
capabilities of present-day harmonic-balance simulators
will be complemented by facilities for noise calculation in
general nonlinear microwave circuits.
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