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Resumo - Hoje em din.. a }ni]izaqﬁa dt. ['c.rramcn‘las de si-
mulagiio no projeto de circuitos de RF_:: mchspcns:wcl.. Den-
re as ferramentas mais cllm_cnlcs, estao nqucjlas que nf\p]c-
mentam 08 algoritmos de simulagiio denominados mc,:locln
Jdo Equilibrio Harmonico (ou Harmonic Balance) ¢ 'mclodo
Jas Envoltorias Complexas (ou Envoltérias Nio-lincares,
ou Envoltérias Transitérias ou, na lingua inglesa, Complex
Envelopes). Estas (enicas permitem  realizar simulagoes
cficientes ¢ precisas das medidas tipicas de RF, possibilitan-
do assim uma reducio no ndmero de iteragdes necessdrias
no projeto de circuitos. visto que 0 processo de prototipagio
pode ser otimizado. Neste artigo, apresenlam-se as sistema-

s do Equilibrio Harmonico ¢ das Envol-

tizagoes dos mélodo
(Grias Complexas. Adicionalmente, descrevem-se suas cara-

cleristicas e limitagoes. Desenvolvem-se as equagoes bisi-
cas dos métodos de simula¢io, bem como. apresentam-se
procedimentos cficientes e robustos para a resolugio das
equagoes. Este trabalho tem o propdsito de servir como um
wtorial para a implementagao destes dois métodos de simu-

lagiio de circuitos.
Palavras-chave: Simulagiio de circuitos de RF, Harmonic
Balance, Complex Envelopes.

Abstract - Nowadays. the use of simulation tools in the de-
sign of RF circuits is essential. Among the most cfficient
tools are those that implement the simulation methods
called Harmonic Balance and Complex Envelopes. These
techniques allow accurate and efficient simulations of com-
mon RF measurements in such a way that the number of de-
sign iterations is reduced, given that the protolyping process
is optimized. This article has as objectives to present the
systematization of those methods and to describe their
features and limitations. The basic equations and the algo-
rithms used 1o solve them are developed. This work is sup-
posed to serve as a wtorial for implementation of these
circuit simulation methods.

Keywords: RF circuit simulation, Harmonic Balance,
Complex Envelopes.

1. INTRODUCTION

There are three important reasons that sustain the use of
CAD tools in the design of RF circuits: to understand the
physics of the device composed by interacting clements, to
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(st new concepts, and to optimize projects. Currently, the
personal communication market is growing towards the
implementation of complete systems built into single chips.
Only a small section of the system operaics at radio
frequencies (RF). However, this is a critical scction in the
design of communication syslems [1)-{2]). Because of the
signal  frequencics and circuit time-constants, and the
performance measurcments required, simulators such as
SPICE [3] are unsuitable due the necessity to simulate long
rransients, which would be very time-consuming. SPICE-
like simulators implements time domain integration
methods. Because of this drawback. special methods have
been developed in order (0 supply the requirements of RF
designers. Especially in the last two decades, RF simulation
tools have been significantly evolving. Among the most
cfficient RF simulation methods. are the well-known
Harmonic Balance (HB) and the Complex Envelopes (CE).
allow simulations of typical RF
measurements such as adjacent channel power. DC to RF
conversion efficiency, power added efficiency. signal-to-
poise ratio, AM/AM and AM/PM conversion, among
others. The HB method allows the computation of the
steady-state response of a nonlincar circuit excited by one
or more tones. whereas the CE method handles multitone
circuits (circuits excited by modulating and carrier signals).
These two methods represent efficient tools for the design
of analog components of communication circuits.

In section 2, the formulations of the HB and CE methods
are systematically presented. In the same seclion, examples
illustrate some applications of the methods. Finally. a short
discussion and some conclusions are presented in section 4.

These methods

2. SYSTEMATIZATION OF THE
SIMULATION METHODS

2.1 HARMONIC BALANCE

The Harmonic Balance (HB) is an extensively explored
very well established mecthod. There is a vast literature
u_boul this technique (see [4])-[6]. for instance). The HB
sxmu_lauon provides the steady-staie response of stable
nonlinear electric circuits. This method is applied to the
analy_srs of distortion and transfer characteristics of
amplificrs, mixers, oscillators and other active devices.

. In l!ns method, the circuit equation (or nodal equation) is
given in the frequency domain ® as

Y(w) Uw)+ N(o)+ W(w)=0 (N
governed by
3
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w(w)= F{w(r) }=F{8 [ F'{L(0)X(@)] ]} @

where  F designates  the multidimensional Fnu’ncr
wransform, L(®) is the derivative and delay npgmlm:
defined in the frequency domain, and @ dcﬁnu: the
behavior of the nonlinear elements. N(m).’x[a}). W (ﬂ’)
and U(w) are, respectively, vectors with ic Fourier
coefficients of independent sources n(r). mdu[‘lﬂ!dcnl
variables (or unknowns) x(r) controlling w (r). nonh‘ncnr
sources w(r), and potentials u(s) at the nodes of the
circuit. Y(@) is the admittance matrix that characterizes
the lincar part of the circuit. Equation (1) is generally bm.ll
by inspection from the Kirchhoff's laws and clement's
laws. Elements in w(r) may be voltages, currents, charges
and fuxes, as well as their differentiated and delayed
versions. In this formulation, for simplicity of exposition,
but without loss of generality, we assume that w(f) refers
only to nonlinear current sources. Hence, w(r)is a vector
of nonlinear current sources expressed by

) e 2 o

w[r):@ x(‘r)' dt dt

(3)

where x, (1) is a vector composed by the delayed version
of the voltages x(r) (each component presents its
respective delay). Generally, nonlincar elements are better
modeled in the time domain in terms of currents and
vollages, as expressed in (3).

As known, electric signals of a circuit can be expressed
by their truncated complex Fourier series as

1 1
n(t)= ) N, &, x(1)= Z X @,

sl ‘=i
1 It
“'(-']= Z “r* ('J'ﬂa! . and u(f)= Z U{f;ﬂ,r (4)
d==ff (=

where Qg is one of the lincar combinations of the
fundamental frequencies of the signals in the sleady-state
regime. That is, Q; is a generic frequency of the
intermodulation vector

U=i u (5)

where 0= [(1), W, A u)K]T is the base of

fundamental frequencies with dimension K and M=
5

[m_H M_ga A mHI s such  that

my =
[m“ M A m;._;\»l. with  m;;€Z  such

that
K
_}:Ilm,‘._,-ls NL and |m1._,‘SH,-, for i=1,K .K . The value
=

of Hj.for i=1,g K, is the truncation order of the Fourier
series relative 1o the fundamental freque

also called order of nonlinearity. The
the global order of nonline

ncy w;, and it is

. value NL is called
arity of the circuit and i js given
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™

by NL= u'x]ll:‘('x:. (”' ). Therefore, Cxpression (1) cap ke 1t
following shape Ihe

Y(2) U +N, + W, (LX) =
(6)

for all Q,; of the intermodulation freque

must be scen hat the coefficients of (e vector ( I
' l,x)

ncics Vector

are dependent of all the coefficients prese

unknowns X=[X_n X_na A Xy -Mnrcm‘er
W

have that X; =AUy, where Ay s he incidence i
lrix

related 1o Q.
Expression (6) can be suitably written in 2 mar:
ama
trix fnrmas

E_, (X)
E_y. (X) g
M
E, (X)
g™ 0 v,
9 Y (Q,.) i A
i (0] M m
0 Y (@) v,
"Ny W_, (LX)
" N i W_,. (LX)
M M
| Ny, W, (LX)
with

L=diag(L (2,).L (2,.,)K.L(Q,) ®

Additionally, we have that where A=
diag(A g . A . K Ay ).

Therefore, in order to find the steady-state response of a
nonlinear circuit, we must solve the algebraic nonlinear

system (7), which can be represented by

X=AU,

E(X)=YU+N+W(LX)=0 &

System (9) is commonly solved by an iterative Newton-
Raphson procedure with analytical computation of Ve
jacobian. The direct and inverse Fourier transforms ar¢
performed by the fast Fourier transforms (FFTs).

At cach iteration, the Newton-Raphson procedure ¢
the following estimate

flers

XU oxt_ (x"")" E (x") (10

The jacobian is given by
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dE(XY) U (xY) aw(Lx©)
V() Yt T -

where d U (XH)/d X=A.

The derivative d W(Lx*")/d (LX) s calculated

through the following expression

(n

d w(Lx")
X))
[ aw,, (Lx") 4w, (1x) |
d (L(.,)X.,) d (L(2,)X,)
" M 0 M
aw,(Lx") 4w, (Lx®)

_d [L(QL,,)X,,,) d (L(Q!f)xh' )_

(12)

with

dw (Lx"
—“(-—)—=F{g'[ ithr]eﬂhl]} (13)
d (L(@,)X,) -

where F { - }m _, s the spectral component at frequency

®, —o, of the argument. This component results from the

operation of the direct Fourier transform. @ is the vector
composed by the derivatives of the nonlinear functions
related to the control signals. It must be seen that these
signals suffer the action of their respective lincar operators.

It is noticeable that all electric signals of the circuit can
be obtained by direct manipulation of the equation system
(9) il the vector X' is known. Furthermore, a zero vector
is commonly used as the initial cstimate X' of the
Newton-Raphson procedure.

In order 1o improve the convergence capability of
procedure described above, continuation techniques are
commonly used. The most used one is that where the levels
of the excitation sources of the circuit are varied by a
controlling parameter p. As a resull, expression (9) is
rewritten as

E(X,u)=YU+uN+W(LX)=0 (14)

where O<p <1, and p=1 when we have the desired
excitation levels,
When the solution of cquation (10) X;" is achieved (for

excitation levels 7 ;N ), the continuation solution consists of

determining the initial estimate for the /+1 step trough the
tangent of the solution curve P X . Then,

X = x4 AX, (15)

where AX; s the solution of the following system
E)E(xi".,u,)

J(xH) ax, = 5

Ap =N Au (16)

in which Ap=p,,, —p,.

Starting from the initial estimate X'"), the solution x4
of the balance equation (10) is searched by the Newton-
Raphson method. The process is repeated umil p=1, when
the final solution by the HB method is obtained.

2.2 HARMONIC BALANCE - ILLUSTRATIVE
EXAMPLES '

As an example, the equation of the HB method is applied
1o the illustrative circuit shown in Fig. 1. This circuit
presents two current-type nonlinearities, 4 and iy,

dependent of v, (r) and of the delayed version v,(1—7) of
v, (1), respectively.

v (0)

H (f) T i u:(.')
| = 2 !
| a0 L.l
) SR, ia (e :J T |0
f'g (r)" *( ) H ;
ol iO=v60) L

ir(t)= ‘I—':("l (EEITN D))

Figure 1. Circuit with two nonlinear current sources.

Equation (17) expresses the HB equation (6) when
applied to the circuit of Fig. 1. Node “0" is the reference

node.
R'+R" -R U,
+
-R" R'+jQ,C| U,
(17
_"gl £ _!u - 0
0 L =1y 0
with
-
I, =Fiy, E vlf:"m’rJ
p==N
0,
[ R
Ly =Fip,[ ) vite™ } (18)
\ r=-H 0,
and
Vi = I =111Y, =A Un
Vi) 10 1] | o,

Vel @ @ Vi, Vi,
[1.!:{. 1o iy Vi, ZL(Ql) Vi (19

43



Leonardo da Cunha Brito and Paulo

Circuits: a Systematic Expo

.

Henrique Portela de Carvalho
sition

Simulation of RF Analog

cireuit is achieved when

The steady-state response ol the
and (18) are obtained

the balance between expressions (17)
for all frequencies of the intermodulation vector

As a sccond example, the HB method was applied in the
simulation of the 4.0GHz FET nonlincar amplifier shown in
Fig. 2. The graphic of Fig. 4 show the results obtained by
p from -5 1o 25dBm. Fig. 3 exhibits
| of the FET. It is a modified
describe the behavior
nd Ips arc given,
). It can
control

the input power swee
the equivalent circuit mode
Tajima model [5]. The functions that
of the sources Igs. Qgs- fop. 2
respectively, by equations (20). (21). (22), and (23
be noticed that the voltages Vgg and Vpg are the
variables of the nonlinear sources. The values of the circuit
paramelters are also shown in Fig. 3.

[ ;—v_?l’

InH j I
o g
_ . ——V—]
Iput [ \—Q}J;};—h ek
powcr{:? " S ol T
J power L
(17{’75 :j,(l(]l InH
L 1
Figure 2. FET nonlincar amplificr.
los (Vos )= 1, [exp(aves )-1] (20)
1 - ‘! - ns
0. (V..)=0,| —<
os (Vas )= @, = @1
Lop (VosVins ) =1, (“ +bVis ){Hn”] (22)
I (Vcs-vm )= 14, FoF,
K| m
F, = I-uxp[— (1{,_,, +aV; +bV} )]
V. (-1
o =1 +_‘;(_._) 23
v 3
Vin = e
Y (¥ + ——————__wv" (t-7)
v,

v
Vo=Vt pVys+v,
R I=exp(-m)
—
m

In_Fig. 4, we can sce
amplifier when it is exci
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::Le ;;unsi-lincnr behavior of the
Y power levels lower than

IO(I_Bn}. The Imrn‘mnic distortion eff
excitation levels higher than 10gpy, (f‘;‘l-‘ are g
Stro,
teh Power h';ftr [ty

components).
Con o
Ro _*’L_.__;\'_'“ :_IG“
G —A\\\—s =
Vo u]ﬂ Uss

|

L

§
R =0.260 Rs =0.260

i e
Rp=02Q o 6p=0.153pr .
D R;=0.15Q Cos =0.530 pr T=40p
Igs: 13=02iA a=18
Qs+ Qg =—4992pC  V}; =0.8V
lgp: 1a =034 a=12 b=0.06 c=50 d=0g]
sl e l3g

2y, =0.6402 A Voo =2.399V V. =0.8964 v :

p = g A ”

a=1062 b =0.01939 m=3.2521 P=02574 . ﬂ‘, =
L2 v={§%9

Figure 3. FET equivalent circuit mode|
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2.3 COMPLEX ENVELOPES

mig:f ti?jgicix Envelopes (CE) method (7-110)is 302
elficienily luunc): approach, but it is cup:alflc o Fm,“f
- ]I(.,nll} .lhc transient response of the circutt. When
:Il;!cp él;gu;h;s method, we assume that the electric gign;llil 0‘

ave low and high frequency components

js also a

those signals : A
mc[hnsllb-n‘.l‘? present into RF communication circuit™: 'I
d is inherently more cfficient than the radition®
ethods)

time-domain si ; :
omain simulation methods (time integration ™
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when the circuit presents the feature mentioned above. In

this case, the method offers g high gain in terms of
demanded time and computation resources,

In order to develop clearly the formulation of the
CE method, we assume, without loss of generality, that the
electric signals of the circuit are written as

s(r)= Z

a==N, | =4

wi2
|

I S (kyw, +Q)e"™dQ | e

-2

(24)

i which cach spectral component S(k,w, + Q) is positioned
at frequency koo +Q, kowg is the Kkq-th
harmonic frequency of the carrier ;. This expression can
be obtained from the inverse Fourier transform applied to a

where

signal which frequency spectrum presents the shape shown
in Fig. 5. Fig. 5(a) depicts the typical shape of an analog or
digitally modulated carrier. When this type of signal feeds a
nonlinear circuit, electric signals described by equation (24)
5(b). They present
harmonic distortions and intermodulation products inside

are generated, as sketched in Fig.
their frequency bands. We consider only one carrier, but
this formulation can be casily extended to the case of
multiple carriers by simply considering in (17) all
intermodulation products of all carrier frequencies and their
harmonics, instead of considering only one carrier and its
harmonics.

¥ (]

A | A

—Wy @y
BW
(a)
¥ (@)

Y 'Y

—N(.IJU —')(I)n =W

| .

%o, 20 Nwg
W > BW

(b)

Figure 5. Frequency spectra (absolute values): (a)
modulated carrier, (b) distortion and intermodulation.

Equation (24) can be rewritten as

Z ‘Q/o(f ot s (25)
where
Wil
:?’0(:) j Sk, +Q)e'™dQ (26)

=

Equations (25) and (26) represent a decomposition of the
modulated signal s(r) in a finite number of bands around

the carrier and its harmonics. Then, expression (25) is
signal composed by high frequency, exp(jk,@y) . and low
frequency components, $(1) . Equation (26) is the complex
envelope (or time-varying Fourier components) of s(r) at
frequency kowg. According 10 the sampling theorem, it is
necessary to sample s(1) with a rate equals or superior to
2Nywo +W /2) so that the signal can be correctly
reconstructed. On the other hand. the components 8o
must be sampled with a rate considerably lower, given by
W . We generally have that W/2<<@q in real-world
systems. It can also be noticed that we can know s(1)
taking into account only the time series of its complex
envelopes, since the components exp(jk,@,t) are known.
As a result, we can reconstruct s(r) with the samples of the

envelopes §2() sampled with rate W, in the following

way
1. By interpolation, we take the values of the complex

envelopes §2(r) at the time instants starting from the time
origin and obeying the sampling rate 2(Nowg +W /2).

2. Then, we apply the interpolated values to (26). It must
be noticed that the components exp( jk,w,r) are known at
each time instant.

Therefore, we can reconstruct the fast signal s(r) taking
into account the much slower signals §::°.(f) <

Taking into account the procedure described above, it is
desired to characterize the behavior of the electric circuit by
an equation whose solution is the set of the complex
envelopes of the signals, since the high frequency
components are known a priori. Equation (1) is used for this
purpose. If we approximate the transfer function of the
circuit, say, make a first order Taylor series expansion with

the admittance matrix Y(@) around ky® . we obtain

[\r (kﬂ aJll ) + Q‘r’(‘:ll a’i] )] U (kU m‘l o Q)

(27)
+N(k, @, + Q) + W (kn @, +Q)=0

And then, if we apply the inverse Fourier transform in
(19), in terms of €, in each term of the sum of (27), we
oblain

Y (k,G,) €0 (H+¥
RO (r)+ W (f)=0

0 (1)

(28)

for kg =—-Ng.—Ng +1,K ,Ng. It can be verified that W,
is the derivative of Y(m) in terms of ® evaluated at kg,
an multiplied by —j , that is, \31‘ =—jd Y (ko,)/dw.

The first order approximation applied is adequate for
madeling lincar elements (dispersive or not) if the condition
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el B (0) = YO PO R+ g

W/ 2<<Wo is verificd, as in the cases of comm

m uruuls
tic OWNS

alues of the unk

communicat

From (28). W¢ can obtain the ¥

usm-'upn.t.slon Xy, X, ()= AMUM.U in which A, is the
incidence matrix of the control variables al ko®p - The
ponlinear SOUFCES vector “; (r) is fum.tton of the
commands 2 (1)=L L(p)? R f)-HS‘ fo ( 1)
with po=-No ~Nog+1K: No. The same duclopmun!
applied to Y(w) and U() is also .1pp]icd o L(m) and

= —jd L{po®@o )/do.

X(w). Then, B,

Additionally. from (28) we have

Ny o .
\"\u..(r)=&{ [ A 'ﬁ.,(f)ef”“‘"f” (29
Kpy

Po=—"e

is the component of the argument al koWo

and Ftr { }A{,q
ansform along the time axis Te

calculated by the Fourier (ré

of the carrier.
Expression (28) can

[ &6, (20)
£, (R (1)

also be written in matrix notation as

M
£ ()
-Y(-N,,l:o‘,,) 0 ﬁ/?h". (1)
Y((-N, +1) d,) 0,,.. (r)
M
\' 0 Y(Nuun) g?v,. (r)
¥, o [ €, ()
+ ﬁ,\-“q ﬁq\',,—! [f)
0 M
0 & | 80
R, (1) %, (%) |
(860, e (2000)
M
R0 1| W%, (%)
(30)
with R/[{f) = [%;‘3.(_ (.') ﬁ/(-).\'.,q L %"{, ]T and

AAME

B()=[%,0) ¥,.00 L % 0]
Consequently, the algebrai " ‘

e iony gebraic system to be solved, related
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A =diag (Ax, A, KAL), whi
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= all
Raphson algorithm and  the r?ﬂ:::?ad by 4 £
=T t]’anqr on.
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S g
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In this method, at each iteration we hy
ve the f
UII()u,:‘

estimate

(I—I %{r)h (ﬁél )[')1%(%(!)&J)

(32

and the jacobian is given by

5 (% ("=

d E(ﬁ’f‘ (!)m)
d Ro -

v4 fo(;) d W (j}fa o) ®
3)
d ﬁ’ﬂ ® d 2’6 )

where d l?ﬁ’(r)/d R is equals 10 A . Additionall
that d 06 (r)/d Ro-0. goij
The derivative d Wwo (ﬁﬁ (;)") )/d £ s S
oL

4 Wo (R0 (1))
d X -

-d' wo. ¥ (1" Y
; ﬁ(/b (1) ) ¢ d ﬁ‘i.\:. (ﬁ'ﬂ (r)(l)
e %, o
M 0 M
a8 (o) | 0% (0]
L d ﬂ’?‘vﬂ d %

in which
d ﬁ‘{;ﬁl (ﬁ’é (r)[i]')
———m‘;‘—‘ { [ Z P ]} (3%)

the spectral component of the
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g a veelr
ps in

where F_ {1 is
, — 0,
argument at frequency @y -0, obtained by

of the Fourier transform on @’ . which i
composed by the derivatives of the nonlmc'tr functio
terms of the control variablcs.
Once the numerical solutio
we need to have the discrete
according to some lime integr
must also be applied to the other equations s Il
solution process. We chose the Euler implicit methed 0.
duc its numerical stability and ease © impler men”
Hence, expression (31) is rewr riticn as

n along the time 18 nece:
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-time version © ystem ( }
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B{Re (1)) =
y8(, )+ ﬂ"‘f})::%’f(r.q) o
+H‘{r, )+ \%(ﬁ"’ (t, )) =0
where
(1) =LR( )+ ﬂ"tr;): :%f() -

Once expressions (32) to (35) do not present time
differentiations, we only need to consider § = e

Usually, zero initial conditions are considered, that
electric signals of the circuit are zero in r=rt_;. Besides
that, the solutions obtained in r=r_, are used as initial
cstimates in r=r,. That is, ﬁf{r, )[”&:ff((f _t)"" where
K(r,,)"" is the solution of the system in 1= This
feature increases the efficiency Iz

15, all

of the solution algorithm,
However, in the case we have abrupt transitions on the

envelopes  (real and/or imaginary parts) the Newlon-
Raphson algorithm may fail, given that the previous
solution may not be a good estimate for the current time
instant. To solve this problem, the following procedure is
applied. When the solution in r=r_, is achieved, we
search for the solution in 7=1r.. If the solution is not
obtained due convergence problems. we take a new
mtermediary ¢, in the range 1, to t¢ . Then, a new search
is carried out. This process is repeated until the solution in
Is—1 Tepresents a good estimate for the current instant, in
such a way that the Newton-Raphson becomes efficient due
the proximity of the solutions of both of the points. The
solution in each previous point is used as an initial estimate
for the next point.

Expressions (36) and (37) can be solved applying a
sampling rate proportional to the width of the sidebands of
the modulated signals. This value is given by W /2. The
time domain integration methods demand a sampling rate
drastically higher, which is proportional to the maximum
frequency of the band-limited modulated signals
Nowo + W /2. That is. the gain in processing time when
using the CE method is proportional to (Ngwg }/(W /72).
For example, in the simulation of an RF device that has
modulating bandwidths of 100kHz and a carrier oscillating

i i € i
at 1GHz, the gain will be about 10, in the case that ten
harmonics of the carrier frequency are taken into account.

2.4 COMPLEX ENVELOPES -
ILLUSTRATIVE EXAMPLES

For the circuit shown in Fig. 1, when we take the
expressions of the CE method (36) and (37), we obtain the
following representations of the circuit

Ry +R™ -R™
=R R+ jkewoC || s (r5)

1 dloe

[ g

0

=Ty, (1)) _|0
: T! K [fs )_ }—21\'" [f-‘) ) l:o]

with
~ Ny ~r ;
Ilk(,(rs)=F'rc il L v (g Jo /PanTe
Po=—N, 4
kot
o Ny L 5
()= F v ¥ WL (rs)c”’"""‘c] (39)
Po=-N, g
kg,
and
‘-I;.-"(Is) =\:| —ljl Izlk”["s) e qu“(rs)
v:‘.k" [‘s) 0 1 Ulj;l, (rs) L Uzk" (fs)

fflLI;“(fs] =[1 0 191;-“(':)

0 e“‘ﬂ-‘n"’n" ‘721\-"("5)

0 0
i 0 Te_j""n“llt

ﬁl'k(j (‘s ) (40)
Vs ko (f_c )

Vi, () 7
4 L(k“m() ‘-ll" ( ! 4 Eh'k" —.1‘1" ( 5 ]
2y Vs ) szm (rs)

Expressions (38) and (39) define the equations of the CE
method and they are solved using the procedure described
above.

Finally, in Fig. 7, we can see the result obtained by the
application of the CE method to the BJT amplifier of Fig. 6.
The graphics show the behaviors of the complex envelopes
of the input and output signals from the DC o the third
order harmonic. The in-phase (real part) and quadrature
(imaginary part) of the envelopes are shown. A 900 MHz
carrier modulated by an §PSK signal at 30kbps excites the
amplifier. The 8PSK signal was sampled at 200 kHz, that is,
twenty samples per symbol were used.
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s the steady-state responsc. Suppressing the
“ response is su:lablc. when the circuit
St jrrelevant information in this interval, but it
rm-..(lc_s -::iun when we wanl 1o analyze the dynamic
is :]q]ijil:’h“r the electrical signals (the bit error rate,
helhi
mrcxiﬂa“l):;)lion of the jacobian demands large
e uaof memory and computational processing
it nulation of large circuits. The relevance of
i",ﬂw Si[Iﬂcm was reduced by the use of the Krylov
E_m pr(; rechniques (12], which allow simulation of
nilf:;::ca, circuits with millions of unknowns and
n

nonlincnrilius.

It offer

The CE method presents the follm'ffing features:

It efficicntly provides both transicnt and steady-state

responses.

The electric signals can be stable or unst_ablc. _

o Thisis essentially a multitone pmlhod (it works v».ruh
several fundamental frequepcms). due the specific
prccundilioning of the clccme \far}ab]cs. It is able to
efficiently work with circuits excited by modulated
carriers.

o It demands an amount of computational processing
and memory allocation drastically lower than the
ones demanded by time integration methods and by
the HB method.

» This method is based on an inherent characteristic of
communication systems, say, the bandwidths of the
baseband signals, as well as the bandwidths of the
sidebands of the modulated signals, are relatively
much smaller than the carrier frequencies. This
characteristic allows the use of the Taylor expansion
of the wransfer function of the circuit without a
significant degradation of numerical accuracy.

Therefore, given the features of the methods, it can be
seen that they offer to the designer a good toolbox for the
simulation of RF circuits. For example, the designer can
obtain the stcady-state response, visualize the behavior
of the carrier harmonics along the time or verify the
spectral regrowth of an RF device.

Appendix A shows the contributions of the basic

circuit clements 1o the circuit equations. Both methods,
HB and CE, are considered.

3. CONCLUSIONS

dc;];]glﬁ TS;’SIR;fﬁCc[:cm ﬂ[{prOFCllES‘CUFFCn[]y used in ll}c
Bl mine. fi T:mumcahon circuits, the Harmonic
systematically ex {)‘?:]“r_ilcx Envelopes methads, were
presented the nm?l‘&. n lh]:q paper. The formulations
procedures 1o Lt[llltar circuit equations as well as the
equations,  Furqep. Ty 0 ey S B
limitations) of the ]‘:?ﬂ-‘. the fcfuurcs (fc;u_urcs“a‘nd
© handle (he L““}ds were listed, as Ihlcu” gb:]:l:cs

simulation of multitone circuits, for

example, Fj ;
capabilitics nally, some examples indicated  the
401ties of both methads

APPENDIX A

HARMONIC BALANCE

The  contributions 10 the HB  cquation
Y(Q, )U; +N; + W, (LX)=0 are as follows. The

con!ribuliuns of the other circuit eclements are
straightforward to be obtained [11].

ADMITTANCE

Fig. A.1 and equation (A.1) shows the admittance
model and its contribution to the HB equaton,
respectively. V,, and V, are the voltages in nodes p
and g at Qj, respectively. The element’s law is
l(m):Y(m)V(m), where /(@) and V(m] are the current
and voltage across the element in the frequency domain.

Additionally, Y, is the admiuance ol the element at
Q.

I y(Q)
i
P q
1.’

Figure A.l. Admittance model.

P q
[ M M M
PlaA Yo A Yo AV
M M M (A.1)
q1A Yk A yk A qu
L M M M
v(Q,) Uy

IMPEDANCE

Fig. A.2 and (A.2) respectively shows the impedance
model and its contribution to the HB equation. V,, and

vV, are (he voltages in nodes p and g at Ly,
respectively. The element’s law is V(m):Z(m)l(m).
where I{®) and V () are the current and voltage across
the element in the frequency domain. /(Qy) is the
current  crossing the eclement at  Qp. Zy is the

impedance of the clementat Q.

; Zy)
e —
P q
la’

Figure A.2. Impedance model.
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Fig. A.3 and (A.3) respectively shows the model of
the current source and its contribution. The behavior of

this eclement follows /(w)=J(w). Additionally,
Ji =J(Q).
J(2,)
° .'_:i'fr—-o
r = q

Figure A.3. Current source model.

M |

ql—Jy

VOLTAGE SOURCE

The behavior of this element is given by V()= E(o)
and its model and contribution are shown in Fig. A.4 and
(A.4), respectively. As can be seen Ey = E(Qy ).

E(Q;)

P +:' q

Figure A.4. Voliage source model.
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VOLTAGE CONTROLLED VOLTAGE SOuUR
CE

Fig. A.5 and (A.5) respectively
the contribution of the voltage controlled

shows the p

vo

ode| and

The parameter B is the voltage gain.

M (A3)

llage SGUFCQ

12(Q;)

pe q
V[(Qk) VZ('Qk)=BVI [Qk]

p e q

Figure A.5. Voltage controlled voltage source mode]

P P q

q A1 AlVa
M M

Y(Q;)
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VOLTAGE CONTROLLED CURRENT SOURCE

3 the

Fig. A.6 and (A.6) shows the model m;ﬂurct‘-

contribution of the voltage controlled C“m’[::) current
respectively. The parameter g is the voltage-

gain,
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Figure A.6. Voltage controlled current source model.
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COMPLEX ENVELOPES

The contributions of the basic circuit clements to the
CE cquation can be obtained from their respective
contributions 1o the HB equation. In the CE circuit
equation
Y(koUo)U,, (1)+ ¥, U, ()+8; (1)+ W, ()=0,
only terms related to ¥ nced to be considered here,

since Y(kgUq) is composed by the contributions of the

basic clements (HB  contributions  shown above)
cvaluated at Qg =kgUp. Then, only Y‘i}.=
- jd Y(kgwy)fdo=  =jY'(kgwy) need 1o be

developed. Nevertheless, it can be noticed that the
cvaluation of ¥ is straightforward. For example, the
admittance contributes as shown in Fig. A.12. The same

procedure can be applied to find the contributions of the
other circuit elements.

This element (shown in Fig. A.7) contributes as a
current source, as shown in Fig. A3, Bul, instead of
contributing to Ny, it contributes to Wg. The

coefficient J(©Q;) can be calculated applying the
Fourier transform on the function f{t) that describes the
behavior of the source in the time-domain.

JQ, )= F{jlt)]q,

—_

n = q

Figure A.7. Nonlinear current source model.

(A7)

NONLINEAR VOLTAGE SOURCE

This element (shown in Fig. A.8) contributes as a
voltage source, as shown in Fig. A.4. It also contributes
oWy, In this case. the coefficient E(Q; ) can be
calculated applying the Fourier transform on the function
e(t) that describes the behavior of the source in the time-

domain.

(@)= F{el))q,

q

Figure A.8. Nonlinear voltage source model.
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