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ters for maximum output power. The oscillator uses a 2X10
um? emitter AlGaAs/GaAs HBT fabricated by means of a
pattern inversion technology. The HBT has a base current 1/f
noise power density lower than 1x 1072° AZ /Hz at 1 kHz, and
Jower than 1x 10722 A? /Hz at 100 kHz, for a collector current
of 1 mA. The monolithic oscillator which operates over 20-28
GHz band has a phase noise of —80 dBc/Hz at 100 kHz off
carrier when operated at 26.6 GHz. These results indicate the
applicability of the HBT’s to low-phase-noise monolithic oscilla-
tors at microwave and millimeter wave frequencies, where both
Si bipolar transistors and GaAs FET’s are absent.
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Noise Power Sensitivities and Noise Figure
Minimization of Two-Ports with
Any Internal Topology

Janusz A. Dobrowolski

Abstract —A theoretical foundation is presented for the efficient
CAD-oriented computation of first-order noise power sensitivities of
networks with respect to network parameters. Application to the CAD of
low-noise circuits with minimum noise figure using efficient gradient
optimization methods is envisaged. The approach is applicable to cir-
cuits with any internal topology composed of any number of passive
linear multiports and active linear two-ports. It is based on the scatter-
ing matrix description for circuit elements and wave representation for
noise.

I. INTRODUCTION

A recent paper by the author [1] presented a CAD-oriented
noise analysis method for linear two-ports with absolutely gen-
eral internal topology. The method allows noise figure computa-
tion of circuits which are composed of any number of passive
linear multiports and active linear two-port devices.

The purpose of this paper is to present a computer-aided
method for noise power sensitivity analysis of circuits of any
topology. The noise power sensitivities are applicable to noise
figure minimization of two-ports with any internal topology
using gradient optimization methods. A scattering matrix and a
wave representation are used for circuit and noise descriptions
[2]-[4]. The approach may be used for noise performance opti-
mization of such circuits as distributed amplifiers and amplifiers
with any topology of feedback.

II. Noise ANALYSIS

For a kth noisy element of a general circuit we can write the
equation [1], [2]

B*) = gty 4 gl (1)

where S(*) is the scattering matrix of the element, 4%’ and B®
are the vectors of ingoing and outgoing noise waves at its ports,
and B is the vector of mutually correlated noise wave sources
which represent noise generated in the element.

For a circuit composed of m clements (multiports) connected
together by their ports (Fig. 1), we can write the following set of
equations [1}:

WA = By, )
where
AWM B;Vl)
4= A(Z) 3 B}(VZ)
=" By=|"" (3)
A(.'”) B}(\.;")
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Fig. 1. Equivalent circuit of a noisy network with noiseless elements and noise wave sources at each port.

and
W=r-§ (4)
is the connection scattering matrix of the circuit [6].
In (3) 4%, k =1,2,- -, m, are vectors of ingoing noise waves

at ports of the kth clement, and B, k=1,2, -, m, are the

vectors of mutually correlated noise wave sources, one source at

each port, representing noise generated in the element.
Because

A=W"'B, 5

a correlation matrix of the ingoing noise waves at all circuit
ports is
AL =w B BL (W) =w-'c(w")' (6)

where the bars indicate the statistical averages and the daggers
the complex conjugate transpose of the vectors and matrices. In
(6)

c 0 - e 0
0 c?
C=ByB| = : : (7
: cto 0
0 . oo -0 ¢cvm
is the correlation matrix of the noise wave sources representing
noise in all circuit elements. C',C®,- -+, C"™ arc correlation

matrices of the noise wave sources of individual circuit ele-
ments. The correlation matrices C of active two-ports such as
FET’s may be calculated using a sct of noise parameters such as
Fon To=ReT(+jImIy, and N obtained through measure-
ments [7]-[10].

Noise wave correlation matrices of lossy passive multiports
(which generate only thermal noise) are defined by the relation
[11]

C=kTdf(1-8S') (8)

where k is Boltzmann’s constant, T is the physical temperature
of the multiport, df is the frequency bandwidth, I is an identity
matrix, and S is the scattering matrix of the multiport.

If » is the number of a load impedance port of the analyzed
circuit, then the noise power dissipated in the load is

v = (447), (1-15,,17) = N,(1-15,,1%) )

where N, = (_A—F),, is the rth diagonal element of the correla-
tion matrix A4, and

Z, - ZF

Srr=——_—~—_
Z,+Z,

(10)

is the reflection coefficient at the output port load Z, with
respect to the reference impedance Z, of the load impedance
port.

The evaluation of N, can be derived easily from (6). In fact, if
only the rth diagonal element of the correlation matrix 44" has
to be determined, than by letting &, be a vector whose ele-
ments are all zeros except 1 in the position r,

%rT=[0’...,071’O’...,0] (11)
we have
N,=(44%) =2 a4’ %,
—gwlcowh ',
_ T _
[t '] cowny .. (12)
The rclation (12) may be also written in the forrp
N, =(44Y),, = o/ "'Cs/ (13)
where a vector
=W g =) 'y, (14)
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is the solution vector of a system of equations whose coefficient
matrix is equal to the complex transpose of the connection
scattering matrix W of the analyzed circuit and having %, as its
right-hand-side vector.

II1. Noise Power FIRST-ORDER SENSITIVITIES

Suppose that a parameter p in a given noisy network is to be
varied without affecting its topology. Parameter variation will
affect the noise power delivered to the load at the rth port of
the circuit. Differentiating (12) with respect to p and using the
relation dW /dp = — S /dp, we have

8Nr — a(m)rr
w

a8 a8 i _
—gw | =wic+|=w-'ct| |(vh) '3,
! ap ap

ac _
+92:W*15(W*) '@,

a8 FN) i
= —wlCc+|—w'CT| &
ap ap

aC
+ o —u
dp

(15)
Because noise correlation matrices are Hermitian matrices

(C = C") [12], (15) simplifies to
aN,

ap

L0S aC
=2Rc{,9/'—-—W_lCJz/}+&7/T—JZ/. (16)
ap ap

Further, assuming that the parameter p is contained in the
passive part of the circuit, we have

aN. as , s
—=2Re{M*—W—lcm}—2yT Re{—-ST}.&}/. (17)
ap dp dp

Using this equation, we may write

N, as
apl 3p1
N, EN
G=| dp, |=2Re{ | dp, (W 'Cst
N, as
| 9P ] | 9P |
- as
ap,
as
=277 Re{ | p, |ST).o/ (18)
a8
P,

where G =VN, is the vector of sensitivities of the noisc power
dissipated in the load at the rth port of the analyzed circuit.
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Equations (17) and (18) relate changes in the noise power
dissipated in the load to changes in the parameter values in the
passive elements of the circuit.

In order to evaluate the noise power sensitivities, we need to
know the partial derivatives of the element scattering matrices,
the vector . given by the solution of the system of equations

(19)

and the inverse of the connection scattering matrix of the
analyzed circuit.

The first two quantities are also used in the sensitivity analysis
of circuits excited by sinusoidal signals. The sensitivity of sinu-
soidal wave a, at the rth port is obtained from [13]-[15]:

Wi/ =4,

da as
" —a’"—a (20)
ap ap
where a is a solution vector of the system of equations
Wa=c (21)

of the original circuit, and « is the solution vector of the system
of equations

Wia=y, (22)
of the adjoined circuit, in which v, is the vector of the same
form as the vector &, given by (11).

Comparing (19) and (22), we find that the solution vectors of

both systems of equations satisfy a relation
o= a* (23)
which means that only one of the vectors needs to be found.
This significantly reduces the computational effort when per-
forming noise analysis, noise power sensitivity analysis, and
sensitivity analysis for sinusoidal signals at the same time.

The partial derivatives of the element scattering matrices
required for evaluation of noise power sensitivities can usually
be found analytically. Table 12.1 in [13] presents scattering
matrix partial derivatives for common design components with
respect to useful parameters.

The inverse matrices W~! and (W™!)" of the connection
scattering matrix W can be computed very effectively using

sparse matrix technique based on the bifactorization method
[16], [17].

1

IV. Noise FiIGuRE GRADIENT COMPUTATION

The noise figure of a circuit is given by

P, .
F=1+ Nint

(24)

Ns

where Py, . is the (available) noise power at the output port of
the circuit arising from the noisc sources acting within the
circuit, and Py, is the (available) noise power at the output port
of the circuit arising from the equivalent thermal (T, = 290 K)
noise source of the input port termination.

In the above definition of F it is assumed that the output port
load impedance is noisc free.

Because noisc power at the output port of the analyzed circuit
is given by (9) and (10), we have

(25)
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where, according to (13),

Nim r= JZ/TC"“M (26)

and
N, =o/7C.. 27N

The noise correlation matrices C,,, and C, are given as [1]

p r
cn 0 . ‘ . . 0
0 C(Z) . . .
Cpn =
p 0 :
ce
0 . . . . . C(m)
- , (28
and
_ 4 -
o 0 : 0
0 0 :
C.= .
4 Cop
0
0
o - A ) )

In (28) two diagonal elements representing noise powers
generated by the signal source impedance (port number p) and
by the load impedance (port number r) are set to zero.

In (29) all elements are set to zero, except the element
corresponding to the input port termination (signal source port).

Differentiating the relation (25) with respect to the circuit
parameter p, using relations (26)-(29) and the relation (16)
describing the noise power sensitivities, we get the expression
for the noise figure sensitivity with respect to the parameter p:

9F 1 [oN,,, aN,,
=77 s _jvimr
ap  Ni\ op ap
oL DRelwt™ wolC, of §+ 9/"‘30‘"‘9/
C AC oA ¢ ap nt ’ ap
oC, a8
- ——————EZRe{&/*——-W"'C&.M}. (30)
(o7, o7) p

In deriving (30) we assumed that the thermal noise gencrated
by the internal impedance of thc signal genecrator did not
depend on the circuit parameter p.

Consider now the design of a circuit using a gradient opti-
mization method [13]. Supposc it is desired to minimize the
noise figure of the circuit. Expanding the rclation (30), we have
the gradient vector of the noisc figure F considered as the
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objective function of the gradient optimization procedure

" dF, ] [ 48 ]
op, dp;
oF, . as
- - t| ap. |w-1
VF = anz ——m 2Re{ o 61‘72 w CimM
oF, a8
i ap, | 1 | ap, J
F aCint i 1
ap,
aCll’\l
+&/T) dp, |
acint
| ap, J
[ a8 ]
dp,
as
C A | — 1
-——*—Z*ZRC T Opy, (W CYM
(w7C,57) :
oS
- apn -

(3D

Equation (31) is a general one. It is applicable to cases where
variable parameters are contained in passive as well as in active
elements of the circuit, .

The above discussion on computing the noise figure gradient
vector can be extended to obtain a matrix of second-order
derivatives (Hessian) of the noise figure F for a two-port with
arbitrary internal topology.

V. CoNCLUSION

The paper has presented theoretical work which facilitates
the evaluation of noise power sensitivities of networks with any
topology in a straightforward and computationally efficient man-
ner. The noise power sensitivities are applicable for accurate
and efficient gradient computation of the noise figure of mi-
crowave circuits. The theory presented is directly applicable to
the computer-aided design of low-noise microwave circuits using
gradient optimization methods. It is also applicable to two-ports
with any internal topology and may be used in general-purpose
computer programs for microwave circuit design.
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Equal-Gain Loci and Stability of a Microwave
GaAs MESFET Gate Mixer

Masahiko Shimizu and Yoshimasa Daido

Abstract —The performance of a microwave GaAs MESFET gate
mixer is theoretically investigated to clarify the existence of a condition-
ally stable RF frequency range as well as an unconditionally stable
frequency range in which maximuem available conversion gain (MACG)
can be defined. For the unconditionally stable range, the MACG, and
load and source impedances are calculated as functions of RF frequency.
For the conditionally stable frequency range, the stability circle and
equal gain loci are shown for source RF and load IF impedances. The
conditionally stable region of the GaAs MESFET mixer appears around
fr of the MESFET. Higher conversion gain is easily obtained by choos-
ing a MESFET of which the f; is close to the RF frequency.

1. INTRODUCTION

Since Pucel et al. reported the possibility of a GaAs MESFET
mixer, many papers have demonstrated the advantages such a
mixer confers with regard to conversion gain, better noise per-
formance, and lower intermodulation products [1]-[4]. These
papers have established that the mixer performance is deter-
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TABLE 1 -
PARAMETER VALUES OF THE NONLINEAR ELEMENTS
Id\ , 1/1,'
a 0.26 I, (pA) 4.72
b 0.75 @ 28.4
m 2.96 linear element
P 0.14 R, () 1.4
v, (V) 1.18 R, () 1.6
Vi, (V) 0.90 R, (Q) 0.7
Vo (V) 0.50 L, (nH) 0.06
I;,, (mA) 80.6 L, (nH) 0.05
7 (ps) 4.74 L, (nH) 0.6
C,, R, (Q1) 1093
¢ (V) 0.11 C,, (pF) 0.06
Cyy (PF) 084 7 =RC, (ps) 12
F, —5.51 C,, (pF) 0.05

mined by circuit conditions at RF, IF, local oscillator (LO), and
image frequencies at both drain and gate ports. Better noise
performance is obtained by shorting LO output, IF input, image
input, and image output circuits [2]. Higher conversion gain is
obtained by providing a conjugate matching condition for input
RF and output IF circuits [1]-[3].

However, there are still unknown factors. For example, no
paper has yet described an RF frequency range in which insta-
bility may occur. This paper describes the calculated perfor-
mance of a GaAs MESFET gate mixer to determine the condi-
tionally stable RF frequency range. Separation of frequency
ranges means that two different approaches are required in the
design of the GaAs MESFET mixer. Thus, maximum available
conversion gain (MACG), and load and source impedance will
be calculated as functions of RF frequency in the uncondition-
ally stable frequency range. In the conditionally ‘stable range,
equal gain loci will be calculated for RF source and IF load
impedance.

II. CaLcuraTion METHOD OF GaAs MESFET Gate
MixErR PERFORMANCE

Since the LO level is much higher than the RF level, the RF
signal can be regarded as a perturbation superposed on the LO
signal. Thus, large-signal drain and gate currents are calculated
for the LO signal. We have calculated derivatives of periodically
varying drain and gate currents with respect to gate and drain
voltage. The conversion matrix [1] is determined using products
of these derivatives and RF signal. In these calculations, the
equivalent circuit for the GaAs MESFET is the same as that
given in [5]. Three nonlinear elements are assumed: the drain
current /,,, the gate-source capacitance C,,, and the forward
gate current /;,. These elements are given by [5, egs. (8)~(10)].
Parameter values of the nonlinear elements are listed in Table I
and are determined by the following method. First, I, C,., and

n? 7y ?
I,, are fitted from dc I-V, C,,~V,,, and diode characteristics,
respectively. Next, g,,, 81, /dV,,, and C, are caleculated at a
bias using the nonlinear parameters. Calculated g, and C,, are
compared with thosc determined from S parameters measured
at the same bias. C,, as determined by the former method is
multiplicd by a constant to set its value equal to that determined
by the latter method. A correction to g,, is also madc by
multiplying another constant by the drain current determined by
dc I-V. A lincar parallel resistance R,, is added to sct the
derivative of the drain current with respect to ¥, equal to that
determined by the latter method. Parameters in Table T show
corrected valucs. Remaining circuit clements are also listed in
the table.
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