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The values of the parameters,,, 3r,, and vr,, were deter-
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mined numerically, in order to minimize the average error of the

approximate roots.

The exact values of the roots can now be calculated by the method

of [4] using as interval for the search of the roots,, : [«r]
A(ers? —ar(P), ar(t + A(arst, — 2r(P)], forn =1, [or
)], forn = 2
— TTn—2,m), Tn—1,m +

1m 2m

ap ap

Azrp?,
andn = 3, and[zre—1,m + -4(xrn—1,m
1-4(ITn—1,7n - 337;77,—2‘777,)] fOI‘ n Z 4,

The roots of the denominator of the functiSnare the solution of:

— TPnet,m), erab, + Aarn — are_ i m

T (62) Y () — T (2)Yin (62) = 0.

It should be observed that this equation is the same as
characteristic equation for TM modes in a coaxial circular wavegui

Analytical Behavior of the Noise Resistance
and the Noise Conductance for a Network
with Parallel and Series Feedback
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An analysis is presented of the changes of the noise parameters of a
two-port network when noisy series and parallel feedback immittances
e applied. Exact formulas for the noise parametersR,,, g», and p,

re given as functions of the feedback for a given network. It is proved
at R, always reaches a minimum when a reactive series feedback is

The procedure to determine the roets, ... is the same as applied considered. The same results are demonstrated fog, since a duality
to the functionR. The method of [4] is again used, with the samerinciple is pointed out. The results are valid for a wide range of linear

intervals defined above fdt, but replacinger;?, andzr,., by s
are given by:

and s, respectively. The values ofs
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microwave two-port networks, either passive or active, and they are used
to confirm the data from previously published work.

Index Terms—Amplifier noise, feedback amplifiers, feedback circuits,
microwave amplifiers, noise.

I. INTRODUCTION

In [1], some guidelines are outlined for feedback amplifier design.
The resistive parallel feedback has been investigated by [2] and [3].
The change of the noise figure in the case of either parallel or
series feedback was worked out by [4]. In [5], series and parallel
feedback are analyzed in order to get simultaneously optimum noise
and good input/output standing-wave ratio (SWR). In [6], monolithic
technology to fabricate a series feedback amplifier in order to get good
repeatability during fabrication and the simultaneous noise match and
optimum input SWR is applied. Both simulation and experimental
validation of anX-band monolithic four-stage low-noise amplifier
with series feedback is carried out in [7]; however, the paper does
not detail how the simulation has been carried out.

This paper generalizes the results of [6] and [7] using a procedure
similar to [1], provides a mathematical tool to investigate the signal

Manuscript received December 1, 1995; revised October 18, 1996. This
work was supported by Filtronic Comtek plc.

The authors are with Microwave Terahertz and Technology Group, De-
partment of Electronic and Electrical Engineering, The University of Leeds,
Leeds LS2 9JT, U.K.

Publisher Item Identifier S 0018-9480(97)00842-9.

0018-9480/97$10.00 1997 IEEE



302 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 45, NO. 3, MARCH 1997

i A similar procedure can be followed in order to obtain the noise
_p. parameters [10] and [11]. Let the following matrices be defined:

o= [ o] @

i[ 6[* i[it*

C, = {7ﬁ 7&} = Re|Zs] 3

eses™  eses”

b Cp = [— b iy } Re[Y,] (@)

S g * T *
—ipip tplp

—

average. It is tacitly assumed that all noise powers, hence the matrices,

are normalized totkT,Af. The impedance form [10] of the noise
matrix of the active circuit is obtained:

At By

m where* denotes the complex conjugate and the overbar the statistical
© N\

] 1 -4
Cg ) — T(zﬂz)ctT(LﬁZ)+ where: T(;z) = |: 71 :|

Cy Dy 0 —&

A, and C; are elements of the transmission matrix of the active
circuit and* indicates the Hermitian conjugatiof'(,_¢) is the
transformation matrix from thé to the Q network representation
[10].

The noise matrix (3) of the series feedback impedance is added:

C.=cC" +C..

Converting this to admittance form and adding to it the noise matrix
S of the parallel feedback (4) we obtain the admittance form of the noise
matrix for the complete circuit. Thus:

X Cy = T(7—vyCaT(s—yv)T +Cp where: T(;_y) = (Z¢ + Zs)™".

ol o Converting the admittance form to t#BCD matrix form:

Fig. 1. Schematic of a noisy two-port with series and parallel feedback. Cn :T(_/yﬁT)CyT(yﬂT)"'

=Tv-1Co Ty +Tz)CsT (71"
and noise behavior of a feedback network, and presents exact and + Ty Ce Ty T
explicit formulas of the noise parameters for a network with both ) o
parallel and series noisy feedback at a given frequency. The approacfrn 1S formed by the sum of the contributions from the parallel
is not related to any particular technology; the only requirement isféedback (first term), from the series feedback (second term), and
knowledge of the signal matrix and the noise parameters at a giVEAM the active network (third term). Here,

frequency. 0 —5
n21
| Ve

Yngy

Ty—n =

Il. THE SIGNAL AND NOISE LINEAR ANALYSIS

Consider the linear circuit in Fig. 1 at a constant frequerfigy
whose elements are as follows: Ti—r) =Tz—1Ti—2)
1) black box (typically an active device) characterized by its noisand Y.,,, are terms of (1).
parameters?:, ¢:, p; [8], and a signal matrix (as the scattering The four noise parameters can be expressed in terms of the matrix

Tz—ry = Ty—1)Tiz_y)

or the transmissiom,; B,C; D, matrix); elements ofC,, [10]:
2) parallel admittancd), = G, + jB,; — — .
3) series impedancg; = R, + jX,. C,= {6." e"* 6.’"2.'"*} = { En _ P v Fn g . (B
_ . R tn €n tn ln pn vV Rngn gn
Z, andY), are uncorrelated noise sources, modeled bwandi,,
respectively [9]. The expansion of (5) gives (see (6)—(8) at the bottom of the next

The subscriptt refers to the active network,s to the series Page), where
feedback, p to the parallel feedback, and to the overall network.
Assume the active network is represented by its impedance matfix = ¢ | @ | +R: | Ci |? +2Re[ap,Ci* ]+ | A, |2 Gy
Z.. The series feedback element can be added direZiy+ Z. 72 = | a |2 +2Re[ap,] + 2R: Re[Cy] + 2 Re[A, B G,
whereZ, = Z,U,, U, = 1 1 . Then, the sum matrix is inverted 73 = —2 (i‘;m[Cth + apo] + Sm[A. B Gp)
and the parallel feedback matrix is added: "= | By 9 9 . 9
g1 = Rt | d| +gt | Bt | +2 §Re[dpo*Bt ]+ | Ao | RS

Yo=Yp+ (Ze +Zs)"! D) 92= | d|? +2Reldp,*] + 2g: Re[B:] + 2 Re[A,Ci'] R,
1 -1 93 = —=2(SIm[Bigy + dp,*] + Im[A,C] R,)
whereYp = Y,Up andU, = | 7, }.Yn is the admittance g4 = | C; |?

matrix of the overall circuit. 1= gia* + poCy”
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TABLE |
DuALITY RULES
I R, Pn Zs | Ry | X5 | A | Cy | Ry Po
11 gn Pn* }/;7 Gp Bp Dy} By | g Po*

€2 = gta/*Bt + pOCt*Bt + po*a*d + thCt*
3= poBy+ Rid

ca = —dA
cs = —Asa"
Ce — —Bt*d
cr = —Cha*
a= 1-—4;
d = 1 o Dt

A= 14CZ, + BY,+AY,Z,
Ao :1—a—d—(AtDt—BtCt)
Po = pt\/Rtgt-

IIl. THE DUALITY IN THE NOISE PARAMETERS

Fig. 2. Equivalent noise resistande, and minimum noise figure,,;,
Equations (6)—(8) are ratios of polynomials where the commaomrsus feedback for Hewlett Packard ATF21186 MESFET at 8 GHz:

denominator i§ A |. Notice that the coefficients; of (6) depend Rrmax = 49.53 € at Cs = 0.01 pF (not shown);R, ;. = 0.57 £

on G,, the real part off,, but not onB,, its imaginary part. Since & Cs = 0-80 PR fin., = 49.42 Q5 Z, = 50 .

R, depends orB, only through the denominatdrA |?, it follows

that a large value of susceptive feedback (at constant frequency) wilh) The coefficientd is always positive:

decreaseR,.. This dependence oB, will make R,. close to zero

for large values of Z, | and different from zero for small values A=la\/gi+ Cip VR P + R | C P (1= | pe )

of | Z, | at constanty,. 5 . .
Also notable is that the noise parameters transform into each othef) B~ — 44C < 0. Thus, a particular black box along with the

according to the rules of Table I. This set of duality rules is to be  Proper feedback might provid&., = 0.

read as follows: ifR,, is determined as in (6) byt, has not yetbeen ~ The limit R, = lim R. is finite and positive because (9)

determined, then (7) can be worked out by substituting every symhola ratio of second-dégree polynomials.

of (6) found in Table I, line I, with the corresponding one in line Il. By setting the first derivative to zero, it is found that the minima

On this basis, if a particular behavior is found#, (¢..), a similar X, satisfy

behavior will be expected ip, (R.). _— ,
(AE — BD)X? 4+2(A— DC)X., + (B—EC)=0.

IV. MINIMA IN' R\, AND g Two solutions are expected: a minimuf,

The noise parameters (6), (7), and (8) can be studied analyticabymaximumR for X, = X,,,.
This aims to designf,, ~ F,_, , an overall noise figurd’, as
insgnsitive as possible to the .mismatthYs _YSO.Pt | [12] or V. DISCUSSION OF THERESULTS
equivalently to| I's — I'so,¢ | This goal can be achieved whéh, i ) i
is as small as possible at the design frequency. Thus, the feedbad¥licrowave-active devices such as MESFET's, JFET's, and
element values which provide minima . are sought. On the basis HEMT's with a reactive-series feedback have been_ analyzed in
of the duality principle, equivalent results can be expected fgom ©Order to work out the value ok, and the corresponding. ., -

This analysis is easily carried out when one single reactive feelf?® Simulation shows that whete,.,,, occurs, the minimum noise

back element is considered. Thus, assufje= jX.,Y, = 0: the figure I}, . of the overall network is smaller than the minimum
dual task concerning,. would requi'reZ —0.Y, _.ij ' noise figureF; . of the black box. It is also noticeable thAt,
" s — Vs dp — P

In order to proceedR., is rewritten as may be achieved by a capacitive-series feedback (Fig. 2).
This analysis shows that if the signal matrix is comprised of real

for X,, = X,,, and

min

M max

min

R, = AX." + BX. + C. (9) numbers, no minimum will occur. Thus, a microwave active device
DX+ EX, +1 will exhibit a minimum, while a simple resistive attenuator will
A, ---, E are derived from (6). Sincé?, cannot be negative, the not. However, a minimum in the noise parameters will occur when
following statements are satisfied. feedback is applied to a passite C, R network.

rL | Zs |2 +7",Z Rs + r3 AYs + T4 Gp + RL

Rn: ‘ 6
AP ©
go =N | Yp |* +92 Gp + g3 By + g4 Rs + gt @
| A2
7 * - 7:*Y, Y, 02 G Y, R 6 w R °
) \/m:qzs 4+ 2 Zs7Yp +esYy +caZs Gy + s YpRs +¢6Gp +crRs +p ®)

AP
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TABLE I [10] H. Hillbrand and P. H. Russer, “An efficient method for computer aided
CALCULATED RESULTS FOR THEDEVICE IN [13]. noise analysis of linear amplifier network$EEE Trans. Circuits Syst.
vol. CAS-23, pp. 235-238, Apr. 1976.
| f [GHg] “ 4 I 8 l [11] K. Hartmann and M. J. O. Strutt, “Changes of the four noise parameters
due to general changes of linear two-port circUiEEE Trans. Electron
Xsm [Q] 73.76 18.96 Devices vol. ED-20, pp. 874-877, Oct. 1973.
Rn,,.,-,. Q 13.25 27.21 [12] H. Fukui, “Available power gain, noise figure and noise measure of two
Xs e Q -116.51 | —358.19 ports and their graphical representatioffEE Trans. Circuit Theory
R Q 918.54 56.17 vol. CT-13, pp. 137-142, June 1966.
Nmaz . ' [13] G. Vendelin, “Feedback effects on the noise performance of GaAs MES-
Ry,., Q 145.89 95.96 FETs,” in IEEE MTT-S Int. Symp. DigPalo Alto, CA, pp. 324-326,

May 12-14, 1975.

To demonstrate experimental evidence for the validity of the
analysis presented above, the results in [13] are considered, which
show a minimum inR,, [13, Fig. 4]. If device parameters [13, page
324] are entered into (6), (7), and (8), the values of Table Il are
obtained in agreement with those results. The maximunk,inis
missing in [13, Fig. 4], since it occurs for a very large value of
(—X,), whereR, ~ R ~ R

Investigating Nonlinear Propagation
in Dielectric Slab Waveguides

M max

Tsat* Jian-Guo Ma

VI. CONCLUSION

Closed-form expressions have been presented for the noise paramibstract—A numerical method is employed to analyze the TE-wave

. . agation in Kerr-like nonlinear dielectric waveguides in which a
eters with parallel and series feedback. It has been demonstrated_m inear film is sandwiched between two linear media. The dispersion

R, always reaches a quimum and minimum, and th_e possibilifyirves dependent on the magnitude of the electric field are obtained. All
of R, = 0 has been pointed out. The same conclusions can e results can be used in future investigations of devices composed of

applied tog,,, since a duality principle exists. The theory shows thatonlinear dielectric slab structures.

a minimum in the noise parameté, or g» of either an active or  nqex Terms—bispersion, Kerr-like, nonlinearity, waveguide.

passive black box may exist as long as its signal matrix is not purely

real. A previous paper and its results have been used in order to

demonstrate experimental evidence for the correctness of the formulas I. INTRODUCTION

presented. This theory may help to design very low noise-feedbackt has been apparent for a long time that nonlinear propagation in

microwave amplifiers. optical and millimetric waveguides holds promise in the context of

integrated signal processing [1]. In recent years, with the development
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