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An Analytical Approach in Calculation of Noise
Spectrum in Microwave Oscillators Based on
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Abstract—n this paper, a novel method for nonlinear analysis
of noise in microwave oscillators is presented. Based on harmonic ()
balance, the method is general from the point-of-view of circuit N CD Mw
topology, noise sources spectral distribution, and their cross cor- Vo) me™E
relation. In this method, the effects such as frequency conversion
and frequency modulation are considered simultaneously in a uni-
fied treatment. Relatively precise estimations for the output signal

spectral density of an oscillator is practically obtained. jroiery ()
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|I. INTRODUCTION

PECTRAL purity of the microwave oscillators is of prime . . e
importance in microwave communication systems ani - @N"

radars so that its computation has become one of the concel Wl o W@CD L O]

of microwave circuit designers. Many calculation methods ir =

this regard are based on empirical relations and have tak

into account onlyl/f noise [1]-[3]. Using the pushing figure

for computation of oscillator'sl/f noise spectrum is alsoFig.1. General form of the oscillator circuit for harmonic-balance analysis.

an approximate method, which is simple and interesting [4].

Kurokawa has developed closed-form relations for a one-p@lied to an MESFET oscillator, and the results are compared to

oscillator’'s spectrum in the presence of uncorrelated noifee measurements of Anzek al.[10].

sources [5]. Noise spectral analysis by conversion matrices is

another method, which takes into account cross correlation 1. MICROWAVE-OSCILLATOR ANALYSIS BY

of the noise sources, but is not accurate near the carrier due HARMONIC BALANCE

to frequency modulation effect [6]-{8]. Recently, a method The harmonic-balance method is a mixed frequency-time do-

has dblec-:_n de\#se? that taktesl |r;to ?CC]P unt both convgrsmn E\Hn method for obtaining the steady-state periodic response
modutation €lects separal€ly for ar Irom carmer and near &g 4 ,qpjinear circuit [11], [12]. In this method, the circuit is di-
the carrier [9]. The time-domain method has also been US%Pd

which by direct resolution of Longevin equations, comput

nonlinem'(t)

ed into linear and nonlinear subcircuits, as in Fig. 1. Allinde-
the noise spectrum whether due to modulation of conversi endent sources are transferred to the interconnecting ports. The
P Bise sources are also referred to the interconnecting ports and

[10], but it is time consuming. .
; > . . represented by shunt current sources and series voltage sources.
In this paper, a unified treatment is presented which, basedrﬁ y 9

) . . . The unknowns are voltage vectors at all ports and harmonics.
the harmonic-balance resolution of a nonlinear multiport osc he linear subcircuit is analyzed in the frequency domain and
lator, computes directly the output spectrum at any port of tl?ﬁ

. . ) e nonlinear subcircuit in the time domain.
oscillator. The noise sources can be white or colored, and their . .
L ) . . . A general form of the interconnecting port voltages can be
cross correlation is taken into account in a matrix form. This

method is completely analytical once the amplitude and fﬂrae_presented asin

. . . . H-1 H-1
guency derivatives of the harmonic-balance characteristic equa- kot J(kwot-+eom.e)
tion are known Om(t) =Re 3 Vi ret0t =Re Y Vi pled Eertonms
k=0 k=0

In this paper, analytical results will be presented for the sake

. . L ! 1
of comparison with existing references, the method is then ap- _ ) _ (3
where V,,, i and go.. 1 are their respective amplitude and

) ) phases. Writing the KCL at the interconnecting nodes, the
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In (2), the nonlinear subcircuit contains nonlinear transcondués such, the general form of noise sources can be considered
tances and nonlinear transcapacitances. The resolution of thith regard to the spectral distribution, circuit topology, and
equation gives the voltage vectors at all ports and harmonit®ir cross correlation.
[11], [12].
IV. NOISEANALYSIS, AMPLITUDE, AND PHASE FLUCTUATIONS
[ll. NOISE SOURCES TRANSFER TO THE

In this section, we assume that the harmonic-balance analysis
INTERCONNECTINGPORTS

of the oscillator circuit has been performed and the steady-state
In general, noise sources are dispersed in the network. In tfzues for harmonic voltages has been obtained [11]. From there

nonlinear subcircuit, the intersecting nodes are chosen to be ¢ie the amplitude and phase fluctuations (modulations due to

noise sources ports; in the linear subcircuit, by linear transfesise) are calculated, and from there after, the oscillator signal

functions noise sources can be referred to the interconnectiipgctral density is derived. By presence of noise, the voltage

ports. In the linear subcircuit, consider the noise sources vec{@ttor members in (1) will be transformed into

asngr(w). The members of this vector are functions of fre- H-1

quency. The nature of these sources can be described by the o) = Re Z (|Vm,k| + Avn%k(t)>ej(kw0t+‘;00m,k+‘r°m,k(t))

relation matrix as in =0
Cs.(w) = ngr(w)ndf (w) ®3) (8)
whereT™ signifies the transpose conjugate. whereAuw,, (t) represents amplitude fluctuations apgl 5 (¢)
For transferring these sources to the connecting nodestepresents the phase fluctuations due to noise. By the fact that
transfer matrix can be defined such that noise sources are small compared to the harmonic voltages, we
nsi(w) = T(w)nsL(w). (4) can assume thahhv,, . (#)] < |V x| and (diy, k() /dt) <
wo. From there, (8) can be rewritten as

By this transfer matrix, the Norton equivalent of the noise ol
sources are determined at the interconnecting ports. The n&%t) ~ Re Z (|mG| I Avm,k(t))

correlation matrix would then be —

CSI((U) = nsI(w)n£1*(w) j((kh)g-i—dk;m’k(f)— 7j (iAzymﬁk(f,))t—i—@Om’k)
Tx T X e i Vi k| dt
= T(w)ngr.(w)ngr (w)T" " (w) o
= T(w)CSL (w)TT* (w) (5)

Now taking into account the fact that linear subcircuit noisv(%']he"rekw0 + (Ao a(B)/dt) — (G/[Vin p ) (d A0 i (2)/dE) iS
. . S the complex frequency. Inserting (9) in the harmonic-balance

sources are uncorrelated with the nonlinear subcircuit no'csﬁaracter'st'c equation (2 Hting noise components in the
sources, the correlation matrix of the total sources would be in Istic equat ), putling noise P s 1r
right-hand side, and expanding with the first-order derivatives,

form of :
we obtain
C(w) = Cs1(w) + Con(w) 6 OF ., OF do(t) 1 dAV()Y _ .,
- . . . V] vO* Be _o\dat v n(®)-
whereCgr(w) signifies the correlation matrix of the linear sub- (10)

circuit transferred to the interconnecting nodes, &g (w) ) _
signifies the correlation matrix of the nonlinear ports noisgere. (de(t)/dt) — j(1/|V])(dAv(t)/dt) is the offset com-
sources. plex frequency vector whose elements &, ,(¢)/dt) —

The noise-source currents at the interconnecting ports cartBélVm,x|) (dAv,, 1 (t)/dt). Complex matrices (9F /9| V)

represented in a bandpass form about each harmonic, as in @nd (9F /0w) are the amplitude and frequency derivatives of
1 the vectorF'. Separating real and imaginary parts of (10), one

nm(t) = Re Z T 1o (£) &7 F0E, 7) Obtains a system qf matrix equations, shown in (11) apd (12),
at the bottom of this page. Now, by transforming (11) into the

k=0
OFF OF* de(t)  OF 1 dAv(t)
——Av(t - — =n"(t
VOt | Tw e v e W )
OF1 Av(H) + OF1 do(t)  OFF 1 dAv(t) — i)
V| ow |, dt ow |, [V dt N
Fr Fr , oF1 jw
Ao Av(w) + —— Jwp(w) + —— T Av(w) =n*(w)
OF! OFi , OFr jw ;
A il ; - A =n’
V] v(w)+ - wzwojww(w) 9o |, V] v(w) = n'(w)




A,

Ay

As

*

B aF(),o aF()’o 1 0
dw wewo dw wmwo [Vo,0]
0 0F 1 dF. |" 1
dw wmwo dw wmwo [Vo,1]
0 0
0 0
r OFy )¢
2 oo JE 0 0
dw —wo |‘/070|
OFF jw
0 a0,1 ‘{' 0
Wz Voul
oF) o
0 0 87?‘ 1?”
w w=wq | 'm L|
0 0 0
" OF} jw
0.0 J 0 0
Ow ‘/0,0|
uJ:LA)O A
oF) TJw
0 0.1 JL 0
Ow |‘/071|
uJ:LA)O
aFyin k Jw
0 0 . -
8\‘"‘ _ |‘/WL,’(' |
wo
0 0 0

0 0
0 0
OFm & OFm & * 1 0
I |y 0w | Wonil
0 OFN_1,H—1 8FJ\";1,H71 * 1
_ dw w=wg Ow ooy VNt 1] ]
0
0
0
3Fﬁf—1,n—1 Jw
Ow oy |VN=1 120
0
0
0
a'F'Zi\ffl,Hfl Jw
Ow _ |VN71,H71|
—wo J

(15)

(16)

17)

SHOLVTTIDSO IAVMOHDIN NI NNYLD3dS ISION 40 NOILYINDTVO NI HOVOdddY TVOILATVYNY ‘HINVZHVH ANV IHVHSHHINW
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frequency domain, one obtains (12). The resolution of this sehere A;, A, and Az are coefficient matrices defined by
of equations givea\v(w) andy(w) vectors as follows: (15)—(17), shown on the previous page.

AV (w)
. . -1
OF* OF — OF" oF + jwA; V. SIGNALS SPECTRA AT THEINTERCONNECTINGPORTS
IV| 0w | ., 9IV| ow | _.,
IF . oF" i Haviljg calcullgtedSv(w) andy(w) in t.he previqus section,
O n"(w) — ER n'(w) (13) we are in a position to calculate the oscillator’s signal spectrum
w=eo W= at any interconnecting ports. For this purpose, we first introduce
P(w) the correlation matrix of the voltages at ports and harmonics by
1 OF! OFF OF* JF! (18), shown at the bottom of this page. The elements of (18) are
" jw [\ 9|V] dw s ~ 9|V| dw o the cross correlation between different port voltages at different
1 harmonics, defined by
- jWAI]
OF OF 1 [*
x KW - AQ) n"(w) — <W + Ag) n'(w)} (14)  Ruppw,, (1) = Hm o /_ . Um k(B vn 1 (E+ 7)dE. (19)
i R'Uo,oy'vo,o (7_) R'Uo,oy'vo,l (7_) T R'vo,o,'vm,k (7_) R'UO,Oy'UN—l,H—l (7_) i
v0,1,%0,0\T R'UO,ly'UO,l T e R'Uo,l,'lim,k T e V0,1, 0N —1,H—1\T
R,(r)= ; : : : 18
( ) R'vm,k V0,0 (T) R'vm,k V0,1 (T) R'vm,k ke (T) R'vm,k,'vw_l,H_l (T) (18)
_R'UN—l,H—l,'Uo,o (T) R'UN—l,H—l,'Uo,l(T) R'UN—l,H—l,'Um,k (T) e R

UN—1,H—1,VN—-1,H—1 (T) |

G”m,,kv”n,k (“J)
_ |"’f'rn,k’ | |‘/Yn.k |
B 4

(1= [ (@) (Brs) '

AL R R A

X (AT @0 (AVar(m))

+ (@,n‘lc(ﬂln))((I)n"ﬂ(ﬂ"’)>*

cos(Pom,k — Pon,k)

|V & || Vi, k| )
_ (@m,k(Qk)S (AVnk(Qk»

. (®0(20)) (AVae(20)) ]

- o) /_%

2w

T (<I>m,k(u

|V k|
(AVasw))

|‘m k|

(@,n‘k(w‘)>* dw

A‘ ks (
k)>/<§‘ n, A }YA <(<I>

| ‘/_m, Jk |

n,k'('w'))* dw

+

+ sin(@om,k — Pon k)

—J

+

&6(%)

2w

1

T 4r

(M

|‘/nz,k|

[o (aVist))

H m

—l'r

H/Ym,k||"/§1,k|

/: w(‘bm,k(w))* duw

(<I>n k(w)) dw

., 1 ( )f> m, k(w) dw
[ (<I>n,k( D) (®anle)) de

’m,k(szk)) (m,fn,k(szk))*

Vi,

(%)

+ (<I>m7k(9k)> ((I’n,k(m‘»

n,k(Qk)) ( Vm,k(Qk))_ i

(21)
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The calculation of integrals involved in (19) fbr= [ results in ments of this matrix give the power spectral densities of the port
(20) (see Appendix A). Note that,, ., (7)) =0fork #1. m at thekth harmonic as in

G'Um,,k o ke (w)

Ry yovon i (T) B Vi o2 1 oo } N
_ Vel [Voi] T4 Kl o /_Oo (@i 1(@)) (Pmp(w)) d )
2 S (Avm,k(a,ﬁ)fl l(j;/m,k(szk))
+ (B o (20) (Do i ()

(@ 1 (%)) (AVia ()
|Vrn,k|

. |:COS(I€CUOT — Pom,k + ‘POn,k)

X |:1 —.5 (R‘?mk#mk (0) + R‘r”n,k:‘r”n,k (0)) + 2Tm

(22)

+ Ravy, s svny (T) + Rs@m,k,%z,k (T):|

WVon k|7 1V k|

In this spectrum, one can separate amplitude and phase noise
contributions as in (23), shown at the bottom of this page, and
(24), shown at the bottom of this page. Here, the power spectral
X {R% Lk (r)— Rm - () densities at ports and harmonics are expressed in terms of phase
SV T and amplitude fluctuations and cross-correlation spectral densi-
+ Rao,., (0)— R A (0)” (20) ties, given by (25)—(27), shown at the bottom of the following
Vo 6T E0k Pk T ] page. These quantities, in turn, can be readily reduced from (13)
and (14). As such, we have obtained a complete set of analyt-
whereR,, o (1) @M AR (A, o /v 1) Bum w/ 1V (T) BTE ical expressions for determining power spectral densities at the
the phase and amplitude autocorrelation functions, respectivéijérconnecting ports of the oscillator, the only thing needed to
and R, , (av. . /|v. . (7) is the phase—amplitude cross-cor€OMpute these spectral densities, given the noise sources, is the
relation function. The Fourier transform of the correlation manatrix form derivatives of the harmonic-balance characteristics

trix R.,(7) results inG,(w), the spectral density matrix; this is€dquation.
an involved matrix, whose elements are given by (21), shown
at the bottom of the prevous page, whélg = w — kwg IS

the offset frequency from thgth harmonic. Off the diagonal We now have known the spectral densities at the intercon-
elements give the cross-correlation spectrum; the diagonal electing ports. It is quite often needed to compute the spectral

+ sin(kwoT — Qom,k + Pon,k)

k|

VI. SPECTRAL DENSITY AT THE OUTPUT PORT

GMM (W) =< —jsin(Qomr — Ponk) (AVon1{(6%) (AVn 1($2)) , form #n (23)
ek |Vrn,k||vn,k|
Vi AV () (AV ()"
\ [Vonil® 4”" () + ( at T‘)/zn(,kp H()) , form=n
G o (@)
( |Vm,k||vn,k|
4 . - . -
X |:COS(<POm,k - <P0n,k) |:<1 - E[ ((I)m,k(w)) ((I)m,k(w))* dw — H - ((I)n,k(w)) ((I)n,k(w))* dw) 6(Qk)
+ ((I)Tn,k(gk)) ((I)n,k(gk))* - jSin((POrn,k - (POn,k)
(- 5 [ ) @na) o= - [ (@) (0a)" ) 80
+ ((I)m,k(gk)) (I)n,k(gk)):| s for m 75 n
Vot 1—i/oo(<1> (_ o “dw ) 8(0%) + (@ () (B () for m =
\ 4 2 oo ik w))( m’k(w)) w ( k)+( m,k( k))( m,k( k)) s orm=n

(24)
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density at a specified port connected to the linear subcircuit. Fbiine spectral density vector at pot™would then become

this purpose, consider the circuit connection shown in Fig. 2. It
is possible to calculate the voltage at pakt from the voltages

GL(w) = Tr(w)Go(w)TL" (). (29)

at the interconnecting ports through a linear transformation. Regarding (29), the total single-sideband noise of the oscil-

In (28), 1 is aH x N H matrix, which performs this trans- lator at port ‘Z” and frequencyy,,

f — kfonormalized

formation. to the carrier level can be expressed as (30), shown at the
bottom of the following page, where = 1 — (1/27) [7_
Vio (@ (W)@ rr(w))* dwis nearly equal to unity.
Vi
: VII. APPLICATIONS
Vi=| v, | =TV (@8) A Noise Spectrum in Kurokawa Oscillator
: As an example, we consider a one-port oscillator. Fig. 3
Vi1 shows a simple oscillator model used by Kurokawa [5], in
OFT OFi OF! OF* B
AV(w)AV(w)T* = — — jwA
(AVE) <a|V| 0 |.._,” OIV] 0w w=w0>+"” ]
JFi oF” JFi . OFT OF*
Crr _ Crl
0w | ey () Ow | Ow |, () dw | 0w |,
v, L OF OF" i L OF
ClI‘ _ Cll
() dw o dw wmwn () Ow -~ ]
OF* OF 8Fi08Fr - 0
= = -z jwA 25
<a|V| 0w |,_..  OIV] w=w> T 1] )
1 [( oFi oF* OF* OF' B
(P (D Tx _ _ _ 4 A
@)™ =25 <a|V| ow |, V] dw w:w()) e 1]
OF OF g OF" o
_— _ _ A rr _— _ A _ _— _ _ A ri A
(v =22 @ (v = 4) ~ (w7~ 4) o < o |t )
OF" OF ™ opr OF" o
_ A ir = A A ii A
< o |, + 3) C*"(w) <3|V| 2) + < 9 |, + 3) C*(w) x < 3 | + 3)
OF OF" OF" OF o
_ — WA 2
<a|V| 0w |, V] 0w wm) e 1] (6)
OF* OF OF OF* -
A (W) = 55— - jwA
Viw)2(w) <8|V| ow | —,, IIV] ow w=w0> e
OF OF T o IFT T g
cr —— —A - — ci A
aw w=wq (w) <8|V| 2) aw w=wq (w) < aw w=wq " 3) aw w=wq
OF T ap OF" .
ir — A _ ii A
0w (o &) % o © M(@w et )
j OF! 9F OF* OF! "
7 1 r T 1 .
2 _ - — JWwA 27
" <a|V| 0w |, V] dw w:w()) e 1] @7
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+
Vu(t)_

Linear
Subcircuit

Nonlinear

+
Subcircuit hid

wivi(t)

VL(t)-t I I

Fig. 2. Transformation of interconnecting voltages to pait™through a

linear subcircuit.

which the nonlinear elements are represented by its admlttaQ

describing function (first-order harmonic balance)(t

represents the only noise current source present in the cwcun

The characteristics equation of the oscillator is given

F(V,wo) = (Yr(wo) + Ynr(V,w0))V
=0
Y1.(wo) + YnL(V,wo) = Y7 (V,wo)

= Gr(V,wo) + jBr(V,wo).

by

(31a)

(31b)

v(t) = Vcos(co Ot)

I

>ni(t) Y, (0,) |:

N |

Ym(v,mo)[

Fig. 3. Simplified one-port oscillator model.

Later, Rizzoliet al.[9] have taken into account the cross corre-
lation between in-phase and quadrature noise components. The
relations of (33) describe the correlation matrix elements

n(t) = ni(t) = Re(n(t)e’0") = n' () cos(wot)
+n'(t) sin(wot)

O (w) = w (@) (@) =

i) = " (i () =

O () = ni{w)n” (@) = 13

C(w) = n(w)n (w) = n3.

(33)

Rizzoliet al. [9] have computed the near-to-carrier phase noise

E?m = V2 2

2 2
y (%) ms + (G3F) " m = 2% 3F Re(m)
(M_T OBt _ 8Gr 5_T)2
Jw IV IOV dw
(34)

Using the method described in this paper, we have calculated
the same quantity, taking into account the noise cross correla-
tion. The general relation for the phase noise is obtained by (30)
using (13) and (14). Equation (35), shown at the bottom of the
following page, describes off-the-carrier single-sideband noise.

whereq is given by (see Appendix B)

By taking the noise current source into account and addingee =1 — ovs
it to the right-hand side of (31a), Kurokawa has resolved these
equations with the assumption of zero cross correlation between (‘rjf—f (ai 3 CiT 952 Re(7z)
in-phase and quadrature noise components. In addition, he has (aGT alg _ ) (( ) ([)BT) )
considered that the two components of noise have equal spectral oV Do D
densities. Equation (32) describes the phase noise component (%ﬁT) + (% )2773 — 2887 9Br Re(ny)
obtained by Kurokawa [5] as follows: + 9By _ 0Gy 0Br\3
( IV ’ 6 ; TR; i 7 )
2 2

£(fm) Gy OBy

" X W + W (36)

VR Relati btained by Kurok [5] and Rizzetial. [9]

DGN2 | (oBaNZ L W [ 9G2 | 0By2 elations obtained by Kurokawa [5] and Rizzetial. [9] are
(FF) +(HF) +35 ((%) +(%GE ) special cases of (35), namely, when= n; = 1, 7. = 0 and
. (a&&_a&aﬁ)%wgﬂ a_T)2+(a_T)2 2" by neglecting the gffect of amplitude quct_uations, (35_) reduces
dw BV T AV ow vZ A\ dw dw to (32). Whenw,,, is very small and amplitude fluctutions are
(32) ignored, (35) reduces to (34).
Proise(f=kfo) 1 [ (AVLa()) (AVi(Q))" . (@) (AVE())"
() = == 72 () (D (e 21
& fm) P 5 Virl2 + (22 (%)) (P rr()) +2Im Vil

Lk(fm) =10 IOglo(gk(fm))

(30)
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Fig. 4. NEC710 oscillator circuit diagram. \\\ I
AN
N
. . . P
As such, the analytical relation presented here is a more pr . ™
cise version of the relations existing in the literature. 200
. L . Ty 10’ 10? 10° 104 10°*

B. Noise Computation in an MESFET Oscillator £, (KHz)

As another example, we have considered an MESFET oscil-
i in Ei i _ai igy 5. Single-sideband noise spectrum of a 14.3-GHz MESFET oscillator.

Iatpr, whose model is repr.esent.ed inFig. 4. Th? Smgle Sldebi{rf{/f noise contribution. 2) White-noise contribution. 3) Total spectrum.
noise measurement of this oscillator has previously been madgeasured values [10].
by Anzill et al.[10] with the given circuit details. We have de-
veloped our own npnllnear mode_l forthe NEC710 tran5|_sto_r allaﬂaracteristic equation with respect to the harmonic amplitudes
used the same NOISE Sources with the same spectral d's”'b“HRH frequency are used along with the noise vector spectral
a%usec?lby ?nznl. AdtIotaI of nine nﬁ'.fe sourccis hgve been CEnsities. A correlation matrix for the noise vector was defined,
Sldered.iy, fny, andiya are NONWNIE CUTENLNOISE SOUTCESy, o \which white or colored noise sources could be taken

Fig. 5 shows the single-sideband oscillator noise spectrlfmo account
ok_)tamed by this harmomp-balancg-based dev_elopm_ent a_lon mplitude and phase fluctuations in all ports and harmonics
with the mgasuremgnt .pomts obtained by Anzill. White no'%ﬁere calculated by matrix equations and from there on, the
and1/f noise contributions are shown separately. ReasonaB&Ner spectrum of the voltages at any port were computed.

accordance is observed up to 10 MHz off the carrier. Explicit relations for power spectral densities were obtained for
any port voltage at any harmonic.
VIll. ConcLusion Analytical results of this treatment were compared to the

In this paper, a unified treatment for the analysis of existing litterature relations. Finally, the numerical results
microwave oscillator’'s spectrum was presented. Harmonic-babtained for an MESFET oscillator were compared to the
ance resolution of the oscillator problem is the basis for thiseasurements made by Anzét al.The method is general in
analysis. Matrix form derivatives of the harmonic-balancthe sense of circuit topology and noise source’s distribution.
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2 2 2\ 2
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APPENDIX A The above equation, which is the exact expression for

: Ry, . .v..(7), can be written as (A.4) shown at the bottom
Here, we derive the exact expression fo,, , v,,,. (7) with of th]is p]ége By the fact that noise sources are small, the

phase-amplitude correlation and the correspondmg smphﬂ%ase and amplitude fluctuations are small, thus, (A.4) can be

form for small phase and amplitude fluctuations. approximated by
SubstitutingV;,, x andV;,  in (19), (A.1) is obtained as fol-
lows: R'Um,k,'vn,k (7_)
U v Vrn v Vn v
Ry (7) . ~ Vo1 Vi | k|2| ] {cos(kon — Pom,k + Pon,k)
1 %
= 1520?/ |:(|Vrn k|+Avnlk( ))
3 X [R(l—é@fn,k):(l—wi,k)
X COS (kwot + Qom kT <pm?k(t))
X (|Vn,k| —|—Avn7k(t—|—7')) + R‘r”‘m,k:‘r”‘n,k +R% AVV;L]\,:|
k7 Vi ke
108 (]CUJO(t + 7—) + Pon .k + Sin(k'(«UOT — Pom,k + (POn,k)
+ @ni(t+ 7')):| dt (A1) y {R R
B AV, - AV, B
Using trigonometric rules and noting that the time variations Prter Tyt T sin(en k)
of phase and amplitude fluctuations are much smaller &han
(A.1) reduces to + R‘Avv - in(om )il R‘Avy’m;ﬁ o k”
R oo (7) © (AB)
— lim Vim "”V” K| / < A, "(t)> where the third-order and higher order differentials are ne-
o0 Vi | glected. The former equation can be reduced to
Ay, 1 (t
% <1 + w> Ry yoon o (T)
[V VsV
X cos (I%UOT — Pom,k + Pon,k — <Pnl,k(t) - 2
nklt dt A.2
, + onil N ") (A-2) - | cos(kwoT — ©om,k + Pon,k)
Equation (A.2) can be rewritten as ' '
Ry ion i (T) |:
X 5 (B, oo, +R, , o (0
_ hI mGHV k|/ < Avm k(t)) ( P, kP k( ) Pn k¥ ,k( ))
T—00 -z |Vrn k| —+ RAUm,k Avy, g, (T) =+ R‘Pm,k:‘?n,k (7'):|
1 Avn k(t+T v Vo k]
* Vi k| + sin(AwoT — Yom,k + Pon,k)
X [cos(kon — Pom,k T <P0n,k) X {RV . ‘A k‘( 7) = R‘Avmvk‘ ok (1)
TR Vi i Vi, e 7708
X €08 (@ k(1) = @1t +7))
+ Sin(kwo'r — Pom,k =+ <P0n,k) + R‘AVU ‘ Pk (0) - R({ﬂ 0 ‘Avinkk‘ (0):|:| (A6)
X S (@ 1 (t) = Pra(t+ T))} dt. (A-3)  which is exactly the same as (20).
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APPENDIX B [8] H. J. Siweris and B. Schieck, “Analysis of noise up conversion in mi-
. . . . . crowave FET oscillators,/EEE Trans. Microwave Theory Techvol.
Here, the expressions for single-side-band noise in the  MTT-33, pp. 233-242, Mar. 1985.
Kurokawa oscillator are derived. Inserting the values of [9] V. Rizzoli, F. Masteri, and D. Masotti, “General noise analysis of non-
. linear microwave circuits by piecewise harmonic-balance technique,”
AV(_Q)’ (I)(Q) from (13) and (14) _|nt0 (30),_Where the har- IEEE Trans. Microwave Theory Techol. 42, pp. 807-819, May 1994.
monic-balance characteristic functidfi(V, wo) is replaced by  [10] W. Anzill, M. Fillebock, and P. Russer, “Low phase noise design of
(31a), taking into account the cross-correlation matrix of the microwave oscillators,Int. J. Microwave Millimeter-Wave Computer-

; : Aided Eng, vol. 6, no. 1, pp. 5-25, 1996.
m-phase and the quadrature components of the noise Sour(fﬁ] F. Farzaneh and E. Mehrshahi, “A new quasi-Newton method in har-

which is defined by (33), (35) is obtained. monic balance analysis of microwave oscillatdR&v. High-Frequency
In regard to definition ofy, by substitution of (31a) into (26), 2 ;ijdjcgr_ilft vol. XX(;, &o.él, gi). 55—32, IID_ec. 1997. s using
. . . J. Gilmore and M. B. Steer, “Nonlinear circuit analysis using the
taking into accf)““t the expression (33), one gets (B.2), sho method of harmonic balance—A review of the art. part 1. Introductory
at the top of this page. concepts,”Int. J. Microwave Millimeter-Wave Computer-Aided Eng.
1 o vol. 1, pp. 22-37, Jan. 1991.
- * [13] F. Farzaneh and E. Mehrshahi, “A novel noise analysis method in mi-
a=1- % (@(w)) (@(w)) dw. (B.1) crowave oscillators based on harmonic balance,Piac. 28th Euro-
- pean Microwave ConfAmsterdam, The Netherlands, Oct. 5-9, 1998,
By insertion of (B.2) in (B.1) and integrating, one obtaings Pp. 256-260.
1 1
a=1— —
2V3
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