Topic 7:
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Harmonic Balance Simulation

Analyze circuits with Linear and
Non-linear components:

* You define the tones, harmonics, and power levels

* You get the spectrum: Amplitude vs. Frequency
 Data can be transformed to time domain (ts function)
* Solutions use Newton-Raphson technique

* Krylov subspace method also available (large circuits)
» Use only Frequency domain sources

* Similar to Spectrum Analyzer

=

HB flowchart...
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Harmonic Balance Simulation Flow Chart

Sample Points
Start I:> Ngmberl of Harmonics DC analysis
Simulation Frequency always done

Error Tolerance

Next, an example...

Linear Components J 1 Nonlinear Components G

Measure Linear Measure Nonlinear
Circuit Currents Circuit Voltages
in the Frequency -Domain in the Frequency -Domain ! }

 Inverse Fourier Transform: Nonlinear Voltage
Now in the Time Domain

¢ Calculate Nonlinear Currents

« Fourier Transform: Nonlinear Currents

Now back in the Frequency Domain

L | Test: Error > Tolerance: if yes, modify & recalculate | Kirchoff's Law
ifno, then StO P=correct answer. satisfied!
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Example Circuit: First and Last Iterations

Next, an example setup.
IR =~ |:'E,:

IcTILS I IY-port
© (Momentum file)
Start in the_ Test uses

Erequency Domain Calculate currents Convert: ts ->fs (Kirchoff's law):
+ 4 4 + If | error is not
::> near zero, then

* : - iterate again.

Initial Estimate: IR IC IL

spectral voltage

ot ML 't Wi

Last Estimate % then— | V Final

with least error » |Solution

NOTE: Try building the circuit, simulate, and write an equation to sum the currents.
The IY-port (Iould be S-parameter data from Momentum or other NWA data.
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Basic 1 Tone HB simulation setup

Basic HB controller and source setup gives you spectral tones:

C)l=t

|iii| | HARMONIC BALSNCE

Vi
HET
Frag[1]=1300 Wz
orger1]=3

Freq[1] is the

Lo

want HB to calculate.

tone in the circuit or
you get awarning
message.

it

Pt

fundamental tone you

Freq[1] must match a

Ir ‘I‘i
! ]

POET

HaTre=1

I=3] Qb
Pagiytinai -2}
Frasgs 900 MHz

b

mT
fregs1 BO0EH:

Order [1] = 3 means HB |
JEm{Viouti=- 4 ETE|

calculates 3 harmonics
of Freq [1]

HB gives you a Mix table: I\
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Numerous built-
H freq Vout Mix
measurement tE | e :
B z 5 -14.
meas_urement 3.800GHz 0.001/-170.939 2
equations. 5.700GHz | 1.963E-5/46.135 3
=R —
e || et Next, sweeping variables...
Aggilent Technologiss |

Swept variables in Harmonic Balance

HB Freq tab: specify 1)
tones (Freq), 2)

harmonics (Order), and

Initialize the VAR to sweep.
Specify the variable and range.

mixinﬂ Eroducts iMax Orderg.

Hinslam il il | it A e

| ] | marmanc &

ance | EGL

= HarmamcBalance v Al
T | sowrpl Fumen | 2] maseni] AL LI:tln*:w:u:-rn—‘;
O] 123 :
Eweopiar=RF_pwr" F£7F 1 P_iTone
Foraciumanad P cind Ehart==50 PORTY
Etop=-20 Hu==1 v
] Freg  Sweep |Pare Shap=1 = Z=50 Ghan
gt o Hhar= Pedbenborai fF_per|
e =0 = Freq=1900 Mz
iy
= s Parameler to sneep IM_! 3) Be sure the VAR, the
Pasmsterswesp | source, and simulation
St | SwespTope  [Lincar - controller all have the
% Stat/Stop ¢ Center/Span same |nformat|on.
Start [50 [Hone = .
Stop F— | NOTE: Swept variables
et T Hokcames T im ; e
Sepsie [ [iore 2] always go to the dataset.
s el e >
Next, other tabs...
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Other settings (tabs) in Harmonic Balance

Params
Fiea | Sween Porore |Seatsigl Hed Oversample: Set status level to 4, see
Buidget number of samples for non-linears.
I [Pk Blged swdsioce] Then set oversample for convergence
- Larvalr or more accuracy.

b irot sy b

Wade = gy Mewd R OADE1D
MEckasions [10

I Ao

Iribl Buasss

T
bt coeiarg ok e [ Solver
e T T Deteded

Chpam = wrpla ||_ s bainkT]| Wi | Ban b | i | e ]|
—

T TEER O e lasn

Direct is default,check

I Use bdtisdGusia Fia
- Fanal St

T wira Firaad § cion Re [

onvergence can be set to Auto
for larger non-linear circuits.
Initial guess/file is used for

Krylov or Auto Select
i

LA i g i
e mry dplpr i

]

L R et R

o it Py Bl

Lo o g e

T L e

Transient assisted HB: use for

L T e P

circuits that do not converge with
HB alone.
Aggilent Technologise

UV e ot | I ]

Noke(2) | NeiseCons 056 | Kiplow | Display ] 41 »

Osc

Use with Oscport

Noise 1 and 2

Farams | Smal-Sig | Nokel1) Noisel2) | Neisaled [ ¥

Nodes for noise parameter calculation
Select Edit

Set up non-linear noise
or use Noise Controller
|

Add Cut Faste

Dynamic tange to depley [ dB

¥ Include port noise in node naise voltages

" Moise contrbutars ——————————————————

I Calculate noisy two-port parameters

¥ Uss all smalsignal frequencies

Bandoidh G %= =]

XDB...

r Sma\\-slgna\w Dscillator
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Related HB controllers XDD and LSSP ...

(2] Harmomc pacsnce |

Transform HB spectrum into the time

domain with ts function: ts(Vout).

HarmonicBalance

Freq[1]=1.0 GHz
Qrder[1]=3

LS2P

HB3

Freg[1]=1.0 GHz
COrder[1]=3
LSSP_FregatPaort(1|=

|m| GAIN COMPRESSION |

XDB

HE4

Freq[1]=1.0 GHz
COrder[1]=3
GC_¥dB=1
GC_InputPort=1

Next,

EDB simufation resulbs: 1 d compression

GC_CutputPort=2
GC_InputFrec=1.0 GHz
GC_OutputFreg=1.0 GHz
GC_nputPorvverTol=1e-3
GC_CutputPosvver Tol=1e-3
GC_MaxinputPower=100

Agilent Technologiss

> ’ ingraer] 1]

-31.251 -21.268

oanpaT 1]

You will use HB and XDB in the lab!
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Types of Power Sources for HB

Default power function for these sources is polar,

but you can simplify it on the screen as: dmbtow(0)
Therefore, domtow(0) is the same as polar(dbmtow(0),0)

P 1Tone Notice that these sources are also
PORT1 ports (OK for S-param analysis).
Num=1 Also, they can be considered
Z=50 Chm noiseless like sources in a

- p=polar(dbmtow(0),0) measurement system.
Freq=1 GHz
P_nTone P_nHarm P_nTone and P_nHarm
ZORT22 PORT3 can have multiple Fregs

um= Num=3 and Power.

Z=50 Ohm Z=50 Ohm

= Freq[1]=1 GHz = Freq=1 GHz

P[1]=polar{dbmtow(0),0)

Agilant Technologiss

P[1]=polar(dbmtow(0),0)

Next, a mixer example... ::>
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Example: HB simulation setup for amixer
with swept LO power

Mixer example:
~N

Freq [1] fundamental tone (most power: LO for mixer)

HARMONIC BALANCE

AR

Freq [2] fundamental tone (RF for mixer)

Order [1] number of harmonics for Freq [1]: LO.
Order [2] number of harmonics for Freq [2]: RF.
MaxOrder = mixing products, depends on Order[n].

HarmonicBalance
> HB1

MaxOrder=8
Freq[1]=LO_freq

NOTE: Here if MaxOrder = 9 , you won't get 9th order product
because Order[1] and [2] only go up to the 8th order.

LO and RF sources:

i |PoAT2
| Hum=3
¥ o z=50 0t

= P=dbstmwLD ]
- FregeLD freq

RF_sourte
Faup=1

T=50 Ohm
PademiceiRF_pe)

= Freq=RF_fraq

Do not do this: Freq = LO_freq MHz
or MHz units will multiply.

Aggilent Technologiss |

Freg[2]=RF_freq
Order[1]=5
Order[2]=3
StatusLevel=4
NLNoiseMode=yes
FregForMoise=100 MHz
UseKrylov=yes
SweepVar="LO_pwr"
Start=-30

Stop=10

Step=1

LO_pwr goes to the
dataset automatically.
RF_pwr can be sent
using Output tab.

—
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Example data: use mix function on Mix table

DC term=0. Freq, harmonics [order], and products [max order] are indexed:

Mixer example: Max order=8 1 oot 4Bm of IF (100 MHz) at Vout,

LO order=5 RF order=3 . )
use the mix function:

LO M RF

freq Win(Ty WMix2) [ Maast

?b%ogﬁn HZ I ? ? — IF_100MHz_output

. 1z - n —dE: i = 4

200 OMHa = 7 dbm_cat=dBm (min Vot {-1,131]

300 iz 3 3| Arguments in parentheses ( ) and curly
19888H§ g j-‘ braces {generate the matrix }, required
1.800GHz 1 0| for Mix table.

1.900GHz 0 1

2.000GHz 4 2

2.100GHz

3.300GHz 5 3[]—p 8th order term uses +5th & -3th, but not:

LO: Freq[1]=1800 MHz RF: Freq[2]=1900 MHz -3th & +5th (+5th of RF does not exist).

QUIZ: Can you use this equation: dBm(Vout[1]) for this data? Is it valid?

Answer: YES - if no other dependencies exist - its the same as: dBm(mix(Vout,{-1,1}))

Next, HB convergence...

Aqgilant Technologiss ADS 2002 Fundamentals - April, 2002 Slide7-11

Harmonic Balance convergence & errors

Freq [x] in each source must match Freq [x] in the ::
TIPS

controller or you get this message:

o) bpnerabiim 3000 F=E)
Fie dmmandiahens  Wiass

Saelation < Smitismiz

L

Uarning detsctsd by HFEESOFSIX dhiring MO anealysis I .
e mita = G P gL P NOISE TEMP error for all noise
E e i bt E 3 } . . -
Thi S Ty SE L it i =k o i actar simulations: Set Temp=16.85 to
Thiz spectral compomest tm furned off Eor thiz mismulstaion eliminate any error message

. = I |

OPTIONS controller is in all

Simulator will try to find closest answer, if not | simulation palettes.

it will continue with all remaining valid points.

B i @ OFTIONS

HB convergence error message: Op1£:151 _
* cannot sweep to desired level” Tamp=2% 4

or “arc length continuation error” TopokogyCheck=yes
Solutions: loosen V and | tolerances in the Options . prralad
controller by 10x (for example, set: |_AbsTol=e-11), or |_'rt=rr_m=1=.¢=r i
reduce the step size fqr power or frequency sweeps. Lﬁ”ﬁ;:ﬂ:&ﬁﬂ
Also. try Transient assisted HB! Marsamings=11
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TIP about “quotes”, brackets, braces, etc.
QUOTES:

» Only when editing on the screen for string value parameters, if necessary.
* When in doubt, double click and use the dialog boxes.

'.;n_;| HARMOMIC BALAMNCE I Exceptions - Swept variables are always in quotes and
= controller names (“HB1”") in opt goals.

T _Trmal
Facllicai=2,

T In dialog only: @ stops quotes when not needed.
Frog1|=RF_frey VAR 1

11 Koo = =l m—
[ T ] e Bx arties b0 pwoep [
FweaparTRE_par A il

If you see 2 quotes “"X™, remove one set!

REVIEW: Parentheses, Brackets, Curly braces:

Double colonis a

(parentheses for function arguments) wildcard in ADS:
[brackets for one, two, or three dimensional data]:

{curly braces for vectors and the mix function}: LAB
Examples: dBm(Vout[1]) dBm(mix(Vout,{-1,1})) mag(Vout [1:: 6])
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@ What the lab is about ...

Lab 7:

Harmonic Balance Simulations

2l (=
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Steps in the Design Process

« Design the RF sys behavioral model receiver
« Test conversion gain, spectrum, etc,

« Start amp_1900 design — subckt parasitics

« Simulate amp DC conditions & bias network
Lo « Simulate amp AC response - verify gain

p « Test amp noise contributions — tune parameters
@l - Simulate amp S-parameter response

« Define amp matching topology and tune input
* Optimize the amp in & out matching networks
« Filter design —lumped 200MHz LPF

« Filter design — microstrip 1900 MHz BPF

« Transient and Momentum filter analysis

* Amp spectrum. delivered power, Zin - HB

* Test amp comp, distortion, two-tone, TOI
« CE basics for spectrum and baseband

 CE for amp_1900 with GSM source

* Replace amp and filters in rf_sys receiver

« Test conversion gain, NF, swept LO power
« Final CDMA system test CE with fancy DDS
« Co-simulation of behavioral system

You are here:
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First, one tone HB and Meas Eqn Plot Spectrum

nl
b Eqn 1l

wEasEqr 3 -. )
sehaatie_bduaticn - rir ety
dbm_put=diSm {Vout[1]) AR n T

Ia;,f,i-! HARMGOMIC BALANGE I

HE1

Frong 1] 1300 MHz .
Orieij=3 /[ Use ts function
>,
g \.N
¥ _Fickl o
‘ 2= 7 ‘\ A

List MeasEqgn results

dbem_oud
. . T 4ETE
Stns Dataset contains node voltages and Mix table.

freq Vout Mix

0.0000 1 0,00070.000 0 )

T900GH, | 0.180/-14 199 17 Equation uses Vout[1]
3

3.800GHz 0.001/-170.939
5.700GHz 1.963E-5/46.135

>
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Next, simulate Power Delivered and Zin

Probe Components palette .
~omponents p &l LF ’EA Rename the probe: |_in

[Probe Components

@ P 1Tq . ;

= "é:' FERT! Data display equations

Pt | 0P i o calculate power using voltage
4 L ek Vinand current |_in.

NOTE for Oscillator testing:; Use
OscTest to determine if oscillation

exists (S-param). Use OscPort to [HeBIP_del_dBm = 10*log (0.5%real (Vin[1]*conj(I_in.i[1])) }+30

>

detelll'n:.me t:erl’eSquenCy of les! NOTE: 0.5 is for 1/2 peak value and
oscillation (HB). See examples! +30 give dBm (ref to 0.001 W)

Z_inis calculated at 1900 MHz i - Vi) Lini1] 4 —
which is index value [1]. Also, - T

Z_inis used in dBm argument | dBmiduiizi: | damtdelt o | Pdd,

. v B | BLF |
instead of default of 50. —»

dB
LTk

Aggilent Technologiss 'ADS 2002 Fundamentals - Aprl, 2002
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XDB and power swept compression

2 ways to simulate gain compression using HB

7 :
|4 cancowression | || sammonic saLance |
hH: HarmaonlcBalaros
HB1
Fr-q'ﬂl}-lg'.ﬂ MHe Fregl 1f=1E010 Rz
&q?q_n:ad < Corcer] 1 =3
G InpatPart=1 ::IUP';;-.'-R.:_FM..
o CupuPort=2 5
GC_inpuiFreg=1500 WHZ Stop=-20
G _Culpul Frigg=1000 WHE Slwp=1
_ B
¥
inpwr{1] outpwr(1] ;| L]
30671 3498 5
B =ir
f RF_pwr=-31.000
g ho_comg. dhm_ow=3,358)

XDB can be set up
very quickly for almost s
any circuit! ; : 5 x
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Write equations using swept power data

mdB_gain = hb_comp..dbm_out - hb_comp..RF_pwr

Plot_vs function

¥ % L L] L
a] i S | -T'.
T § i i
= 0B Tai=34 55 W | fedigeie]. 262 )
a7 - 5 1 [plet_vsidB_gaie hb_comp. ot pelys33. 252
L] o
- od 5 ? + 1
a ] RF_per=-34 000 ..
o _Lorg. o ceie0.8
0 T T T T ¥ 1
i) A - 3l : 1 -] il

Create aline: nonlinear to linear

mi

RF_par=-30,000

hia_comp dbm_oi=3 751
E el

i T

@Iine = hb_comp..RF_pwr + dB_gain [0]

ADS 2002 Fundamentals - April, 2002
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Simulating closely spaced tones...

| Use 2 tones, such as RF +/- spacing (VAR) |

e B S—"

T::-'.'J:S-\Jhﬂ Freq[l]
1| Brarsn Freq[2]

4 Mixtableindex values

. . -LO,RF
Mixer is 3tones !
-LO, 2RF,;- RF,
IF
4 : 4 -LO, 3RF,-2RF,
Miv ind [ton 1 tonag 2 tong 31 (4 1 1 (1 2 11 (.1 1 a1
T T T T | ETEETI | | eI TaE | | RETIE IS |

Agilent Technologiss
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Two-tone HB simulation, data, DDS equation

|“:H'| HARMOHIC BALANCE I VAR
v

AR

HE1

WaDrder=5

Fraag 1]=RF_freq + spacing !/ 2
FragfZ|=RAF_freq - spacing 2
Orderf 1 =4

Crcer2 =4

B

Egn tones generates the index values!

Vbias=5V
RF_freq=1900 MHz
RF_pwr=-40
spacing=10 MHz

RF_source

i1

FaE0 D
Frec]f|=RF_freq = spagng /2
Frecf2|=RF_leq - 2pacirg / 2
P = domices| RF_frar}
P RF_frar}

dBm {mix {Vout,tones) )

T

i | P | i Bl |

Use [ brackets to generate a

Spacing @ 10 MHz =
1.895 and 1.905 GHz

il
Araapr] SR
Ehm i [w'oes ey =4 ILF
T
i I
e AN
A2 jrree vt boa g | e P E

!

tones=[{1 ,0L{0,1},{2,-1},{1,-2}]

>

Traces

Trace Options.

matrix ] and { curly bracesto [s== = _
vector the data from Mix table} o [ [ v VIS il o
ek " ralin i Mok gl e | IdBm [riz [Wout tones]
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TOI or IP3 Measurement

When the input power drives the non-linear device into saturation or
distortion, third order products near the desired frequency can
become large. The point at which 3rd order products intercept the
linear rise in output power is the intercept point TOI or IP3.

10
TOl A measurement
0 equationis
Linear Output used to get the an
of fund(dBm)
Output -10 ke
Power 3rd order
intermod product
(dBm) -20 QS 7 (dBm) art3 Vout
6@.’\/ Y stepe—=3-
-3
--30 &
NOTE for mixer 3tones use:
40 -30 -20 -10 0 10 20 mix{-1,1,0}
Input Power (dBm) b2
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TOIl simulation setup using IP3 equations

Built-in measurements use functions - you set the arguments.

'.::' i 2-0ne Mix HB data
Vel J J THEG: 3 5
uppar_fol=ip3 oot £1 0.{2.-13 50} 1Sgggqi ? a

1 1.915GHz 2 q

= Jower_tal Upper_tai
e Result of IP:.S 1 o
o i el 0,10 4-1, 24 501 eqgns in DDS:

|ﬁ.",‘.b HARMONIC BALANCE |

HermanicBafancr MIXERS: use this setup for 3 tone TOI.
HE1
Maxliroer=8 =1
Fref 1[=RF_re + spacing 1 2 WEamEi
Ered3=RE freq- 5 Feag1j=L_frag
r:rrcrﬂ?::q ok at FreqlI=AF_fraq +!_spacieg /2 :>
Fa =AF _freq - 1_spacing £2
Corder2j=4 Code
g
Cugarfd|=
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OPTIONAL: Sweep RF pwr vs TOI equation

Compare swept values to values in the TOl measurement range:

|@| HARMONIC BALANCE I Swept values used for IP3

HarmonicBalance
Region 123 for mi

Twin_Tone 4 H
- IPH ealeuiation BF_prar=15,000

MaxCOrder=8 .
Freg[1]=RF_freq + spacing £ 2 v iy _loi=1 5. 541

Freo[2)=RF_freq - spacing/ 2
COrder{1]=4 z - ik
Order[2]=4 i foe
Sweephar="RF_pwr" - | _
Start=45 z

Stop=-30 BE
Step=1

»®

m prvy_ bt = Ip3 outveud (1 0, {2 -1].50)

The Egn, my_toi, is on the right Y axis.
When RF_pwr is greater than 39dBm, RF and third
order slopes are no longer 1:3.
NOTE : The Extra Exercise shows HB swept frequency!
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