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Agenda

� Harmonic Balance � Introduction and Background
� Classes of Harmonic Balance Problems
� Limitations and Breakdown Mechanisms
� Examples
� Future Directions
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Why Frequency Domain?
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Harmonic Balance

� Expands state variables as a Fourier series; solves for the 
Fourier coefficients

� Insensitive to widely spaced spectral components
� Excellent for dealing with complicated high-frequency 

passive (linear) components
� Directly captures the large-signal quasi-periodic 

steady-state
� For mildly nonlinear problems, exhibits good dynamic 

range
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Harmonic Balance
Standard set of circuit equations:
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The Harmonic Balance Jacobian

Nonlinear block
Direct LU factorization:

)( 2HO storage
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Linear block
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Historical Background
� Historically, Harmonic Balance was applied primarily to 

microwave circuits:
� Small nonlinear device count
� Large number of linear frequency-dependent elements
� Long time constants
� Late 80s: UC Berkeley Spectre simulator (Ken Kundert)

� In 1995, was extended to IC area by 
Melville/Feldmann/Long and by Brachtendorf

� Krylov-subspace solvers
� Matrix implicit multiplication via FFTs -- storage 

becomes O(H), comp. cost becomes O(H*log(H))
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Classes of HB Problems

� 3 �axes of difficulty�: nonlinearity, device count, spectral 
content

� Microwave is ideal for HB -- low transistor count, lots of 
passives. Direct methods work well

� RFIC Area: Limited by degree of nonlinearity and number 
of nonlinear devices

� RF System Area: Limited by multi-tone FFT size
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The �RF System� Class of Problems...
 

VO U T_IF

D e s ire d  s ign a ls  a p pe a r a t  t he  ou tpu t a t  6  a n d  6 .03  MH z,  a n d
u nd e s ire d  in te rm o dula tio n  d is t o rt ion  s ig na ls  a pp e a r  a t  
5 .9 7  a nd  6 .0 6  MH z.

No te : This  is  the  e xa m p le  re fe rre d  to
a s  "P C S _ re c _ te s t.d s n"
in the  Ag ile nt Adva nc e d  De s ig n S ys te m  
C irc uit S im ula tio n m a nua l.

R e c e ive r Th ird -O rd e r In te rc e p t P o in t a n d  
C a rrie r-to -In te rm o d u la tio n  D is to rtio n  S im u la tio n s

{0 ,-1 ,1 , -1 ,2 } => (-20 48  +9 4  +2*1 96 0-1 96 0 .0 3) MH z=6 .06  MH z
{0 , -1 ,1 ,0 , 1} => (-2 048  +9 4  +19 60 .03 ) MH z=6 . 03  MH z

{0 , -1 ,1 ,2 , -1} =>  (-2 04 8  +94  +2 *19 60 -19 60 . 03 ) MH z=5 . 97  MH z

{0 , -1 ,1 , 1 ,0 } => (-20 48  +94  +196 0) MH z=6  MH z

Th e s e  s ig n a ls  g e n e ra te d  b y th e  tra n s m i
d o  n o t a p p e a r a t th e  re ce ive r 's  IF  o u tp u
b e c a u s e  o f th e  is o la tio n  o f th e  d ip le xe r
a n d  a ll th e  filte r in g  in  th e  re ce ive r.  If le s
co m p o n e n ts  we re  u s e d , th e s e  to n e s
wo u ld  a p p e a r  a t th e  re c e ive r' s  IF .

IP 3ou t
ipo1
O ut_IP 3_Lower= ip3_out(VO UT _IF ,{0,- 1,1 ,1,0},{0 ,-1,1 ,2,- 1},50)

Eq n
Me a s

C arrT oIM
ctm2
C _IM 3_U ppe r= c arr _to_ im( VO UT_IF ,{0,-1 ,1,0 ,1},{0,- 1,1,-1,2})

Eq n
Me a s

C arrT oIM
ctm1
C _IM 3_Lowe r= c arr_ to_ im( VOU T_IF ,{0,-1 ,1,1 ,0},{0,- 1,1,2,-1})

Eq n
Me a s

H armonicBa lanc e
H B1

U s eKrylov= yes
O rde r[5]= 3
O rde r[4]= 3
O rde r[3]= 3
O rde r[2]= 3
O rde r[1]= 3
F req [5]= 1960.03  M Hz
F req [4]= 1960 M Hz
F req [3]= 94 M H z
F req [2]= 2048 M Hz
F req [1]= 80 M H z
M axO rde r= 5

HARMONIC BA LANCE

Options
Options 1

Ma xWa rning s = 10
GiveAllWa rning s = yes
I_R elT ol= 1e-6
V_R elT ol= 1e- 6
Ma xS pectr a lS ize= 1024
Topolog yC hec k= yes
Temp= 25

O PTIO NS

IP 3ou t
ipo2
O ut_IP 3_Upper= ip3_ou t(VO UT _IF ,{0,-1,1 ,0,1},{0 ,-1,1,-1 ,2},50)

Eq n
Me a s

1

P _nT o ne
P O RT 2

P [2]= d bm to w(-9 0)
P [1]= d bm to w(-9 0)
F re q[2 ]= 19 60. 03  MH z
F re q[1 ]= 19 60 M Hz
Z = 50 O hm
N um = 2

1

2

1

P _1T one
P O R T 3

F re q = 204 8 M Hz
P = d bm to w(7)
Z = 5 0 O h m
Num = 3

1

2

1

V_D C
S RC 1
Vdc = 0 V

1

2

1

P _1 T one
P O R T 4

F re q = 94  MHz
P = d bm to w(10 )
Z = 5 0 O h m
Num = 4

1

2

1

R
R2
R= 50 O hm

2

1P CS _ RF _ rc vr
X 1

R X C HIP IF 2

IF 1
1

2 3

4 5 8

9 10

11

76

Am p lifie r
AMP 1

T O I = 45
NF = 5 dB
S 21= dbp ola r(2 5, 0)

12
P _ nT on e
P O RT 1

P [ 2]= d bm to w(7)
P [ 1]= d bm to w(7)
F r e q[2] = 188 0. 03  MH z
F r e q[1] = 188 0 M Hz
Z = 50 O hm
Nu m = 1

1

21

P CS _ diple xe r
X 2
T X_R X_Lo s s _I N= 1 00
T X_R X_Lo s s _O UT = 100

T X  In

R F In

RX  Ou t
1

2

3

2
P 2

1
P 1

3
P 3

BP F _Ch e bys he v
BP F 6
F c e nte r= 6 M Hz
BW pa s s = 1. 2 8 MH z
Apa s s = 2  dB
Ripp le = 2  dB
BW s top= 1. 87 5 M Hz
As to p= 4 0 dB
Ma x Re j= 50 d B
IL= 5  dB
Q u= 1E 6

21 B P F _ Che bys h e v
B P F 7
F c e n te r= 6  MH z
B W p a s s = 1. 28  MHz
R ipple = 1 d B
B W s top= 1. 875  MH z
A s top = 40  dB
Q u= 1 E 6

21

BP F _Ch e bys he v
BP F 3
F c e nte r= 1959  MH z
BW pa s s = 60 MHz
Ripp le = 2  dB
BW s top= 80 M Hz
As t op= 4 0 dB
Q u= 1E 6

21

BP F _Che bys h e v
BP F 5
F c e n te r= 1959 . 0 M Hz
BW p a s s = 60 M Hz
Ripp le = 2 dB
BW s top= 80 M Hz
As to p= 40  dB
Q u= 1E 6

21

BP F _Ch e bys he v
BP F 4
F c e nte r = 88 MHz
BW pa s s = 1. 2 8 M Hz
Apa s s = 1 dB
Rip ple = 1  dB
BW s top = 1. 9  MH z
As t op= 3 5 dB
Ma xRe j= 50 d B
IL= 6 dB
Q u = 1e 6

21
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Multi-Tone Simulation /
Frequency Remapping

{ }MMh kkk Ω++Ω+Ω∈ ...2211ω
ω

{ }MMh kkk Ω++Ω+Ω∈ �...��
2211µ

µ

For multi-tone simulations with M > 2, the FFT size is
generally much larger than the number of harmonics.
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Spectral Packing/Compression and 
Remapping Schemes
� Different frequency remapping strategies can have a large 

impact on the FFT size
� Algorithmic improvements have delivered impressive 

reductions in FFT size for multi-tone problems (e.g., 
32X in size and 100X in speed for 8-tone problems)

� The potentially increased aliasing effects need to be 
studied more closely

� Implicit Jacobian storage is a key bottleneck
� �Lossless spectral packing� and �lossy spectral 

packing� (i.e., �compression�) can be used to reduce 
spectral storage by over 10X.

� Speed penalty tends to be roughly 2X.
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RFIC Problems

� Linear iterative solver breakdown (with standard 
preconditioners) can occur when some amplifiers are 
driven deep into compression

� �Digital� circuitry (e.g., frequency dividers/synthesizers, 
etc.) composed of latches/flip-flops is extremely 
problematic:

� Arc-length continuation typically insufficient (need 
�transient assist�)

� Standard block-diagonal preconditioners typically fail
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