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Circuit-Level Behavioral Modeling

Linear Sub-Circuit Behavioral Modeling Transient Analysis of Microwave Circuit

v vy | |
LINEAR 1 I S
SUBCIRCUIT NONLINEAR e | RO 2N I 20| E—

M INTERNAL SUBCIRCUIT SUBCIRCUIT : SUBCIRCUIT
i [v] '

/! v
P N PN

VN
H— AAA
; ‘? Yy "l vy ‘-
i Py My iy iy !
i PHASESHIFT : AUGMENTATION | } COMPLEMENTARY
i NETWORK : NETWORK METWORK

Behavioral Model is an Impulse

Behavioral Model is the Linear Subcircuit

Described by Response
(M + N) x (M + N) Y Parameters Augmentation Network Used to
Reduceto N x N Y Parameters Facilitate Incorporation of Behavioral
Model

Harmonic Balance

Use N x N Parameters Directly Frequency and Time Banding

SPICE Effect of the augmentation network
J removed during simulation.

Use Impulse Response £ i K is limited
or Use Pole-Zero Approximation _Response of linear network is limite
in time and frequency.
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Modeling Scope ?

Can handle O— —O
I dx (t)  dx,(t) | J)
X1 (0),..., X, (1), ——,..., :
1() n() dt dt
d2x(t)  d?x,(t) d3x(t)  d3x, (1)
y(t)=F T g
dt dt dt dt
Xl(t—Tl),...,Xn(t—Tl)

Where y(t) is either an i(t) or a v(t).

Also in any type of analysis we want dy/dx The exact derivatives (w.r.t. time
or frequency etc.) we want depend on the type of analysis we are doing
(transient, wavelet, harmonic balance). The derivatives needed are calculated
using ADOL-C under control of the analysis routines. This is why the same
model can be used in any type of analysis.

ADOL-C is one of the many support libraries. 5



Quick Once Over of Element Code
Electro-Thermal Resistor Code

// This may look like C code, but it is really -+- C++ —#-
/

//{ This is an =lectro-thermal resistor model
’f

I ++++++++++++++

£ + tr +

/ o——————- AN N o

I + +

Iy +  ® *  +

/f + | |+

fi ++ | ++++ |+

’f I I

I 0 o

£ tref  tout

/

/{ by Housssam 5. Kanj

Header files may be included more than once in C4++ programs. To avoid multiple declarations of the
classes defined in the body of the header file, the definitions in the header file are enclosed by following
preprocessor directives:

#itndet Tresistor_h
#detine Tresistor_h 1
class Tresistor : public AdoleElement

d

.

#endif
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Electro-Thermal Resistor Code

#include ". ./network/ElementManager.h"
#include ". . /network/AdolcElement .h"
#include ". ./analysis/FregqMNAM.h"
#include ". ./analysis/TimeMNAM.h"
tinclude "Tresistor.h"

Now we must define the static member variables:
// Static members
const unsigned Resistor:n_par = 11°%

// Element information

ItemInfo Resistor:einfo = {
"tr",
"Tresistor",
"Houssam S. Kanj",
DEFAULT_ADDRESS"elements/Resistor.h.html"

i

// Parameter information

ParmlInfo Tresistor::pinfo[] = {
{"r0", "Resistance value (Ohms)", TR_DOUBLE, falsc},
{"1", "length (meters)", TR_DOUBLE, false},
{"w", "width (meters)", TR_DOUBLE, false},
{"t", "system Temperature (Celsius)", TR_DOUBLE, false},
"rsh", "sheet resistance (Ohms/sq)", TR_DOUBLLE, false},
{"defu", "default device width (meters)", TR_DOUBLE, false},
"narrow", "narrowing due to side etching (meters)", TR_DOUBLE, false},
{"tnom", "initial Temperature (Celsius)", TR_DOUBLE, false},
{"tc1", "Temperature Coefficient (1/Celsius)", TR_DOUBLE, false},
{"tc2", "Temperature Coefficient (1/Celsius)", TR_DOUBLE, false},
{"pdr", "Power Depenent Resistor", TR_BOOLEAN, false}

I3 7
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Evaluation Routine

void Tresistor:eval(adoublev& x,

{

// x[0]: resistor voltage

// x[1]: temp in deg. CiMh/
vp[0]=x]0];

vp[l]=x[1]+tnom+273;| //vp[l]==tp[1] in Kelvin

adoublev& vp, adoublev& ip)

This is the only executable code

adouble res:

res = r0 * (one + tcl * x[1] + te2 * x[1] * x[1]);
ip[0] = x[0] / res;

ip[1] = — x[0] * ip[Q]; //ip[1]==pp[0];

1
J

The same model close is used in all analyses: DC, Transient;

Wavelet; Large Signal Noise, Harmonic balance; Analyses
(32 altogether).
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VCSEL ModeLIingtg

DC Optical Power versus Drive Current

Output 3.50E-03 -
—— Power@298K
&« TOp 300031 power@s2ak
p- DBR 2 50E-03 1 —‘—POWGI'@338K
contact 7
) § 2.00E-03 -
Active =t
. . £ 1.50E-03 -
Oxide Region g
n-contact 1.00E-03 1
- 5.00E-04
Bottom 0.00E+00 ; ; ‘ i ‘ ' ‘
DBR 0 0.005 0.01 0.015 0.02 0.025 0.03 0.035
Current(amps)
Single Mode Rate Equations
Carrier density .
dN(t)/dt =n;(I(t)-1 (T))/7 - N(t)/<,, - G(T)(N(t)- 10T
No(T)S(1)/ (1+£S(D) Ll | T e
Photon density 1.2t . 2:;2 ]
ds(t)/dt = -S(t)/, + BN(t)/7, + G(T)(N(t)-No(T))S(t)/ (1+&S(t)) ag60
. 1.0F r L
Temperature > I :::E i
0.& N :
dT(t)/dt = -T(t)/ 74y + (To+(I(O)V()-Po(D)Rp)/ T4p < Y agas |
S . 19840
Temperature dependence of Gain and Transparency % P gpast
a L 1 N
G(T) = Glag *+ a,T +a,,T2) / (byo + by, T +b,,T2) o i
No(T) = Nio(Cro+Cn1 T+CpT2) il | seenr
ool L] 9615
| EX AN i
Leakage Current 0.0 0.5 1.0 1.5 u] z < B 5]
I, = I gexp[(-agt a;Ngy + a,NT- a3/Ng)/T]




Electro-Optics

Feedback Results:

f,=12mm, R=0.04
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Code X, G = x(t-)

void Vcsel::eval (adoublev& x, adoublev& vp, adoublev& ip)

{

// x[0]: terminal current, 1

// x[1]: photon density, vmO

// x[2]: carrier density, vnO

// xX[3]: temperature, T

// x[4]: di/dt

// xX[5]: dvm0/dt

// x[6]: dvn0O/dt

// X[7]: dT/dt

adouble delta = l1le-8;

adouble zn = 1le7;

adouble q = 1.6e-19;

vp[O0] = 1.721 + 275*x[0] - 2.439e4*x[0]*x[0] + 1.338e6*x[0]*x[0]*x[O]
- 4.154e7*X[0]*X[0]*X[0]*x[0] + 6.683e8*X[0]*X[O0]**X[0]**x[0]*x[O]
- 4.296e9*X[0]*X[0]*X[O0]*X[O0]*x[0]*x[0O];

ip[0] = x[O];
adouble T = t0 + x[O];
adouble G = g0 * (ag0 + agl*T + ag2*T*T)/(bg0 + bgl*T + bg2*T*T);

adouble Nt = nt0 * (cnO + cnl*T + cn2*T*T);
adouble 11 = il0 * exp((-a0 + al*zn*vn0+a2*zn*vnO*T - a3/(zn*vn0))/T);



Large Signal
Noise Modeling

14
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Flicker Noise
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Phase Noise is Fully Predictive
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Modeling Noise

Deterministic differential equation:

Stochastic differential equation

— alt, r)

d
—JL,' — Hl::T...& i :I -+ -IJIZT._.&I hr;,r
dt A

The Ito form

- Named after Japanese mathematician
K. Ito in the late 40s. He formulated
the theory of Stochastic integration.

- Evaluation at the starting point
on each interval.

- Requires no estimation of future
values.

- Used in models where stochastic

processes are assumed purely white.

The Stratonovich form

- Named after Russian engineer R. L.

Stratonovich in the mid 60s.

- Evaluation at the mid-point
on each interval.

- Requires estimation of future
values.

- Used in models where stochastic
processes are not purely white.

Is a significant advantage.

Either form will produce different end results but are both mathematically “right”.

Which form to use is a modeling issue.

The Ito form requires new numerical techniques for solving an SDE. The
Stratonovich form can be solved using techniques of classical calculus which

18



Electro-Thermal Physical
Transistor Model

19
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Electro-Thermal Modeling of PA
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The first implementation of a Physical Transistor Model directly into a
general purpose simulator: LPM (Leed’s Physical Model) (implementation
by University of Leeds in fREEDA). This is a full electro-thermal model of
MESFETs and pHEMTSs. Full device physics.

This can only be done in fREEDA because of state variables and universal
error concepts (not just KCL).

Temperature Increase (K)
I

0 5 101520253035404550
Time (us)

Temperature rise in junction of MMIC
with 500 kHz tone.

Gain of MMIC is a function of
Electro-thermal model construction. temperature.

Gain varies with modulation of a signal.
21




Highest level of integrated global modeling
of complex microwave subsystem, to date.

[llustrates impact of thermal effects on total

System performance. TWO TONE TEST
I ELECTRICAL ONLY ELECTRO-THERMAL 0 | J, | - |
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ot 2o o 20 DISTORTION  2310- f
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H DISTORTION E 0 50 100 150 200 250 300 350 400
a st O st Time (s) o
MMIC Temperature Variation
0 or
-~ - N
-5} l ‘ r =5F
L10 "m -10
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Variations in temperature due to For a Ka band MMIC typically there is a
—turn-on transient (pulsed operation) 4 dB drop in gain for a 30 K increase in
— modulation (variation of signal level) temperature.

Electro-Thermal Simulation essential to accurate design.
22



Application: Modeling
of a Quasi-Optical
Power Combiner
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Quasi-Optical Power Combining

Amplifier

COMPLETENESS

24



ESSGHEI&‘ E’rog‘ems

In CAE of QO Systems

 Generally There is Not a Common Reference Node

ACTIVE GRID SURFACE OUTPUT POLARIZER

Wi

INPUT POLARIZER TUNING SLAB

There is No Such Thing as a Node
Voltage as Required in Current
Microwave Circuit Simulators

E

OuUTPUT
BEAM

« Concerns Whenever Switching Between Domains

. Time--Domain Frequency Domain Conversions: Aliasing
etc.

« Electrically Large Distributed Structures

 Metrology (Model Verification)

A Defined Metrology (Calibration/Measurement Procedure)
Does Not Exist. 25
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Grid Amplifier
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Near-Field Radiation
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Electromagnetic Modeling of
Quasi-Optical Systems

Interfacing Surfaces in Quasi-Optical Systems are Distributed
Over Electrically Large Distances

a

y
Amplifier; Oscillator TZ:(
3D Volume Discretization is Array 3
Inefficient % \ 3
2D Planar Discretization is Ideal ng el ’3L receiving
Horn j Horn

N
1]
| —
o

z=0 z=D

FEM and FDTD Methods Require 3D Volume Discretization
- Boundary Conditions Required on Volume Terminations

- Large Amounts of Memory and CPU Time Required

MoM Requires Only 2D Planar Discretization
- Green’s Functions Incorporate the Effects of Complete System

- Green’s Functions are Interchangeable for Modeling a Variety

of Quasi-Optical System Configurations .



Nodal Admittance Matrix Determination

Nodal Admittance Description Required in Microwave Circuit Simulators
Process: Guess a node voltage and calculate node current.

LOCAL
NODE
t
Vm
PORT TERMINATIONS — +
é — )
ol - 5—=

I

1

|_.
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Input Reflection
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Nodal Admittance Matrix Determination

Nodal Admittance Description Required in Microwave Circuit Simulators
Process: Guess a node voltage and calculate node current.

PORT TERMINATION
-

t
Vm
PORT TERMINATIONS — +
é —— 9

e

1

|_.

31



NC STATE UNIVERSITY

Development of a Quasi-Optical Green’s
Function

é‘y A
‘ A ‘ y A
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Green’s Function Developed in Piece-wise Fashion

EE = EEf ‘|‘§EQO

§ e« = free of any QO components

Geqo = QO fields
Gem = modal fields
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Measurement Setup
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Transistor Model
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Nonlinear Electro-Thermal Element

CUTSET
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oe]V[=e]N[=\al v=g(x1,x2) NETWORK

T=x2 Al
THERMAL |
comMPONENT REUREULAIV)

THERMAL GROUND (0 K) CUTSET

THERMAL
NETWORK

—

35



NC STATE UNIVERSITY

EKV Model (v2.6)

volid Ekv::evall (adoublev& x, adoublevé& xt, adoublevé& yl, adoublevé z1)

{if{type == 1)
eta = 0.5;
else eta = 0.3333333333333;

// Effective gate voltage in cluding reverse short channel effect
vgprime = type#x[l] - vtoa - deltavRSCE + phiT + gammaa * sgrt (phiT);

// Effective substrate factor including charge-sharing for short and narrow
// channels

// Pinch-off voltage for narrow-channel effect

vpol = vgprime - phiT - gammaa « (sgrt(vgprime + gammaa*gammaa / 4) — gamma:
/2);

condassign (vpo, vgprime, vpol, -phiT);

// Effective substrate factor accounting for charge-sharing
veprime=0.5* (type*xx [2]+phiT+esqgrt (pow (type+x[2]+phiT, 2) + 16 » vtT*vtT));
vdprime=0.5+( type+x[0]+phiT+agrt (pow( type+x[0]+phiT,2) + 16 + vtTxvtT));

// Pinch-off woltage including short- and narrow-channel effect

gammac = gammaa - epsilonsi * (leta * (sgrt(veprime) + sqrt (vdprime))

/ leff - 3 » weta » sgrt(vpo + phiT) / weff) / cox;

gamnmaprime = 0.5 * (gammao + sqgrt (gammaoxgammao + 0.1 » wvtT));

vpl = vgprime - phiT - gammaprime = (sqrt (vgprime+pow (gammaprime / 2,2)) -
gammaprime / 2);

condassign (vp, vgprime, vpl, -phiT);

// Slop factor
n=1+ gammaa / (2 * sgrt(vp + phiT + 4 = vtT));

// Forward normalized current
i_f=log(ltexp ((vp-type*xx[2])/ (2+vtT))) xlog(ltexp ((vp-type+x[2])/ (2+«vtT)));

// Velocity saturation voltage 36
vdss = ve + (sqrt(0.25 + vtT * sqrt(i_f) / wve) - 0.5);



// Drain-to-source saturation veoltage for reverse normalized current
vdssprime = ve * (sqrt(0.25 + vtT # (sgrt(i_f) - 0.75 * log(i_£f))/ve) - 0.5) +
vtT + (log(ve / (2 * vtT)) - 0.6);

// Channel-length modulation

deltav = 4 » vtT * sgrt(lambda * (sqgrt(i_f) - wvdss / vtT) + 1 /64);

vds = ( type*x[0] - typexx[2]) / 2;

vip sgrt (vdes+vdess + deltavsdeltav) - sgrt(pow(vds - vdse,2) + deltavxdeltav);
deltal = lambda * lc * log(l + (vds - wvip) / (lc * ucritT));

// BEquivalent channel length including channel-length moculation and velocity
// saturation

lprime = ns » leff - deltal + (vds + wvip) / ucritT;

leqg = 0.5 * (lprime + sqrt(lprime+lprime + lmin*lmin)};

// Reverse normalized current

irprime = log(l + exp(((vp - vds - type+xx[Z2] - sgrt(vdssprimexvdssprime +
deltav+deltav) + sqrt((vds-vdssprime)+ (vds-vdssprime) + deltavsdeltav)) /
vtT)/ 2))*log(l + exp(((vp - vds - typexx[2] - sqgrt(vdssprime*vdssprime +
deltav+deltav) + sgrt((vds—-vdssprime)* (vds—-vdssprime) + deltavsdeltav)) / vtT)/ 2));

// Reverse normalized currect for mobility model, intrinsic
//charges/capacitances, thermal noise model and NQS time-constant
ir=log(l+texp ((vp-type+x[0])/ (2+vEtT)) ) +xlog(l+texp ( (vp-type*+x[0])/ (2+vET)));

// Transconductance factor and mobility reduction due to vertical field
betac = kpa * np » weff / leqg;
betacprime = betaoc * (1 + cox * gbo / (20 % epsilonsi));

// Simple mobility reduction model
//vpprime = 0.5 x (vp + sgrib(vp*vp + 2+ vtT*vtT));

37



//beta = betao / (1 + theta * vpprime);

// Quasi-static model equations
// Dynamic model for the intrinsic node charges
ng = 1 + gammaa / (2 » sqrt(vp + phiT +le-6));

// Normalized intrinsic node charges
®xf = sqrt(0.25 + i_1f);
Xr = sqrt(0.25 + ir);

qd = -ng * (4 * (3 % Xr*Xr+Xr + 6 + Xr+xXr + Xf + 4 » xr + xf+xf + 2 » xfsxf+xf)
/(15 % pow(xf + xr,2)) - 0.5);

gqs = -ng * (4 » (3 * XLf+rxfxxf + 6 + xfxxf » Xr + 4 » Xf * HXr+xXr + 2 * XI*#XI*XI)
/(15 % pow(xf + xr,2)) - 0.5);

qi = gs + gd;

gbl = —-gammaa * sqgrt(vp + phiT 4 le-6) / vtT - (ng - 1) + gi / ng;

condassign (gb, vgprime, gbl, -vgprime / vtT);
qg = —9i - gox - gb;

// Rigorous mobility reduction model
beta = betaoprime / (1 + cox * vtT » fabs(gbh + etaxgi) / (eoc » epsilonsi));

// Specifiec current
iz = 2 » n * beta +« vtT+vtT;

// Drain-to-source current
ids = typexis » (i_f - irprime);

// Impact ionization current
vib = type*x[0] - type*x[2] - 2 * ibn * vdss;
idbkl = ides * iba * vib % exp(-ibbT % lc / wvib) / 1ibbT;
condassign (idb, wvibk, idbl, 0);
id = ids + idb;
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// Total charges

QI = C_ox ~ vtT » gi;
QB = C_ox * vtT * gb;
QD = C_ox * vtT * gd;
Qs = C_ox *« vtT * gs;
QG = C_ox * vtT * gg;
y1[0] = typexQD;
y1[1l] = typexQG;
y1[2] = typexQs3;

// RAssign DC currents

z1[0] = 1id; //DC Drain current
z1[1l] = 0.0; //DC Gate current
z1[2] = -1id; //DC Source current

// RAssign known output voltages
z1[3] = x[0]; // wvdb
z1[4] = x[1]; // vgb
z1[5] x[2]; // wvsb

vold Ekwv::evalZ (adoublevé dyl, adoublevé zl, adoublev& y2, adoublevs z2)

{

z2[0] = z1[3]; //Vdb

z2[1] = =z1[4]; //Vgb

z2[2] = z1[5]; //Vsb

z2[3] = z1[0] + dyl[0]; //Drain current Drain charge derivative
z2[4] = z1[1] + dyl1l[1l]; //Gate current, gate charge derivative
z2[5] = z1[2] - dyl[2]; //Source current, source charge derivative

39



N
Inverter in fREEDA netlist

.tranZ tstop=10e-9 tstep=10e-12
ekv: ml 30 20 10 10 1l=le—-6 w=20e-6
+ type=-1

ekv: m2 30 20 0 0 l=le-6 w=20e-6
vpulse:vgate 20 0 v1=0 vZ2=3

+ pw=0.5e-9 per=le-9

vsource:vs 10 0 vdc = 3.0

.out plot term 20 vt in "pulse.in"
.out plot term 30 vt in "pulse.out"
.end

Also read SPICE netlist (can be mixed with fREEDA native netlist.)
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Parallelization
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Parallel Transient Circuit Simulation using
Delay-Based Partitioning

Shivam Priyadarshi, Christopher S. Saunders, Student Member, IEEE, Nikhil M. Kriplani, Member, IEEE,
Harun Demircioglu, W. Rhett Davis, Senior Member, IEEE, and Michael B. Steer, Fellow, IEEE
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Splitting Delay Element

ING delay 1,
—-- —————————————————————— -
| g.(r.7) &, (1.1) !
sub— | ¥, () : < V0| sub-
SUb 1 . sub
crrewt 1 : Zs l I pS Z: 7 |circuit 2
| |
o Lo
| |
| |
(@) l
sub—delay 1 sub—delay 2
Lo T Y I5(7)
—- Vo ~ -
3 (I —
+ (I : +
or (| o
.5':11]3__1 Vi@ 7S bl(m% o | 527) < | V,(0] sub-
crremt = b s Z circuit 2
_ [ : o
O |
Partition 1 (b) Partition 2

Splitting one delay element, (a), into two sub-delay elements, (b),
showing the delay element with two local reference terminals. 44
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MNetlist
Flow

- ™

fREEDA Parent tran3

%

.'/- *-\_‘

Identify delay elements and
create circuit partitions

J

o L

o

Sequential simulation of |
partitions for few time steps

'

- _ Y,
o - -7 - T oo — -

Parition0 4 - -~ ~~_ o Partition N

Child tran3 Child _tran3
_______ Shared Memory I
| Model | _ I Model |
!_evaluation ! /Exchange Interconnect |_evaluation |
I vector after each N-R___ YV __
I “Matrix_ 1 joop ._Dg-AT time duration /| |loop!”  Matrix |
I construction | I construction!|
——————— - ——= =
IR I | | . R
I Matrix ! | ! Matrix |
' _solve_ ' | | _solve |

0 — Core N
Core 0 .~ -
No Parent .tran3 | No
. Convergence check ? [ waveform Relaxation
N J
y Yes

é Mapping of voltages and |
currents of child circuit
| partitions on parent circuit |
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Multi-Processor Implementation

Quad-core 1 Quad-core 2
Core Core Core Core
L1 L1 L1 L1
Core Core Core Core
L1 L1 L1 L1
Shared L2 Shared L2

Main memory
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Multiprocessor
Implementation
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N
fREEDA Parallelization

Divider Circuit
Chain of 12 Dividers

Number of Non Linear State Variable (ns) : 1238
Number of Linear Element (nm): 229

12 On a single core most
/. time 68% is in model
10 evaluation. Matrix solve is
/ 11% of the simulation

8 / time.
/ == Speed Up
4 ./

2 4 6 8
# of Cores

Speed-Up
(o))

Circuit is partitioned at Delay Elements

Super Linear Speed Up

Load factors (on 4 core) (3-3-3-3)

Load factors (on 6 core) (2-2-2-2-2-2)

Load factors (on 8 core) (2-2-2-2-1-1-1-1) 48



fREEDA Parallelization

20-bit Adder
Number of Non Linear State Variable (ns) : 2174

Number of Linear Element (nm): 465
On a single core 54.8% of
the time is in model
12 . : .
evaluation. Matrix solve is
‘ / ‘ 0.85% of the simulation

10 .
time.
8

/./ =—Speed Up
4 l/

2 4 6 8
# of Cores

Speed-Up
(o))

Circuit is partitioned at Delay Elements
Super Linear Speed Up
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18
Speed-Up | Speed-Up
_— . Tstop | AT
Circuit Description m s (ns) (ps)

cktl Chain Of. 1_2 frequency 229 1238 100 6

dividers

Chain of 8 electrothermal

ckt2 frequency multipliers 2815 216 1200 10

(3DIC)
ckt3 48 Segment soliton line 2024 61 1 0.1
cktd 20 Bit ripple carry adder 465 | 2174 10 8
ckt5 Chain of 48 inverters 73 302 10 1

) #
kt6 8th Order butterworth 89 138 1000 20 2 4 of Cores B 8
bandpass filter

ckt?7 MMIC LNA 556 6 4 1 40

Parallelization Overhead

35 4

WORKLOAD DISTRIBUTION ACROSS THE CORES 35 30 - ,,’(l::tﬁ
Circuit | 2 Core 4 Core 6 Core & Core §‘§ 25

cktl 6-6 4-4-2-2 2-2-2-2-2-2 1-1-2-2-2-2-1-1 §§ -

ckt2 4-4 2-2-2-2 2-1-1-1-1-2 1-1-1-1-1-1-1 EE

ckt3 24-24 | 12-12-12-12 | 12-12-6-6-6-6 | 6-6-6-6-6-6-6-6 %E 15

ckt4 10-10 6-4-6-4 3-3-4-3-3-4 | 3-3-2-2-3-3-2-2 T~ 10

ckt5 24-24 | 12-12-12-12 | 12-12-6-6-6-6 | 6-6-6-6-6-6-6-6

ckt6 2-2 1-1-1-1 - - 2

ckt7 1-1 - - - 0

2 4  #of Cores 6 8 50
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Distributions

e fREEDA 2
— Current on-line distribution
— Circa November 2010
— Mostly GPL/LGPL licensed

« fREEDA 3

— Current iIn-house version

— Mostly BSD Licensed
« Some Trilinos packages currently LGPL to be transferred to BSD

— Compiles cross-platform (Mac, Windows, Unix)
— Conversion from spice netlist (-like) to XML

— To Do:
» Update GUI (IFREEDA)
e Spice to freeda3 translator
* Documentation
 Commercialization
— Kernal and standard library will be open source

« Comemrcialization:
— Model libraries
— Specialized analyses.
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e
fREEDA Commercialization

Open Source / Open Licensing

BSD License (Open to companies to do what they want)
Parallel Simulator

Two Commercialization Efforts under way

55



I
Modeling Challenge: Non KCL -

Two Terminal Element with Delay > J

sz F{.

iy
ANODE
= iy anode current

|

. . l

4~ "h |
. i. cathode current -

CATHODE |

] |

T 3

j Voltage

Generator But KCL tells us l
We do not know how to | 14 (i) — —1i3 (f)
handle some important
aspects of the real world i4(f) — g (t _ T)

In a circuit simulator!
SIMULATOR TECHNOLOGY IMPOSES A LIMIT ON WHAT CAN BE MODELED

CIRCUITS ARE AN ABSTRACTION 56




1. C. S. Saunders and M. B. Steer, “Passivity enforcement for admittance models of distributed networks using an inverse eigenvalue method,”|EEE Transactions on
Microwave Theory and Techniques, In Press.

2. T. R. Harris, S. Priyadarshi, S. Melamed, C. Ortega, R. Manohar, S. R. Dooley, N. M. Kriplani, W. R. Davis, P. D. Franzon, and M. B. Steer, “A transient
electrothermal analysis of three-dimensional integrated circuits,” IEEE Transactions on Advanced Packaging, In Press, 2011.

3. S. Priyadarshi, T. R. Harris, S. Melamed, C. Otero, N. Kriplani, C. E. Christoffersen, R. Manoharx, S. R. Dooley, W. R. Davis, P. D. Franzon, and M. B. Steer,
“Dynamic electrothermal simulation of three dimensional integrated circuits using standard cell macromodels,” IET Circuits, Devices & Systems, In Press, 2011.

4. C. S. Saunders, J. Hu, C. E. Christoffersen, and M. B. Steer, “Inverse singular value method for enforcing passivity in reduced-order models of distributed structures
for transient and steady-state simulation,” IEEE Trans. Microwave Theory and Techniques, April 2011, pp. 837-847.

5. N. M. Kriplani, S. Bowyer, J. Huckaby, and M. B. Steer, "Modelling of an Esaki tunnel diode in a circuit simulator," Active and Passive Electronic Components, Vol.
2011, February 2011, pp. 1-8.

6. C. Saunders, G.J. Mazzaro, and M.B. Steer, “Robust reduced-order modeling of distributed linear networks,” Institute of Engineering and Technology Microwaves,
Antennas, & Propagation, Vol. 4, Iss. 7, July 2010, pp. 962—-973.

7. N. M. Kriplani, S. Luniya and M. B. Steer, “Integrated deterministic and stochastic simulation of electronic circuits: application to large signal-noise analysis,”Int. J.
Numerical Modeling: Electronic Networks, Devices and Fields, Vol. 21, Iss. 6, Nov./Dec. 2008, pp. 381-394.

8. F. P. Hart, S. Luniya, J. Nath, A. Victor and M. B. Steer, “Modeling high-order filters in a transient microwave circuit simulator,” Proc. IEE Part H. Microwave Antennas
and Propagation, Vol. 1, Iss. 5, Oct. 2007, pp. 1024-1028.

9. S. Luniya, K. G. Gard, and M. B. Steer, “Modeling nonlinear distortion of ultra wideband signals at X-band,” IEEE Microwave and Wireless Component Letters, July
2006, pp. 381-383.

10. N. M. Kriplani, D. P. Nackashi, C. J. Amsinck, N. H. Di Spigna, M. B. Steer and P. D. Franzon, R. L. Rick, G. C. Solomon and J. R. Reimers, “Physics-based
molecular device model in a transient circuit simulator,” Elsevier Science: Chemical Physics, July 11 2006, Vol. 326, Issue 1, Special Issue on The Molecules and
Methods of Chemical, Biochemical and Nanoscale Electron Transfer, pp. 188-196.

11. R. Mohan, J. C. Myoung, S. E. Mick, F. P. Hart, K. Chandrasekar, A. C. Cangellaris, P. D. Franzon and M. B. Steer, “Causal reduced-order modeling of distributed
structures in a transient circuit simulator,” IEEE Trans. Microwave Theory and Tech, Vol. 52, No. 9, Sept. 2004, pp. 2207-2214.

12. W. Batty, C. E. Christoffersen, A. B. Yakovlev, J. F. Whitaker, M. Ozkar, S. Ortiz, A. Mortazawi, R. Reano, K. Yang, L. P. B. Katehi, C. M. Snowden, and M. B. Steer,
“Global coupled EM-electrical-thermal simulation and experimental validation for a spatial power combining MMIC array,”IEEE Trans. Microwave Theory and
Techniques, Vol. 50, Dec. 2002, pp. 2820-2833.

13. P. J. Rudge, R. E. Miles, M. B. Steer, and C. M. Snowden, “Investigation into intermodulation distortion in HEMTs using a quasi-2D physical model,” IEEE Trans.
Microwave Theory Techniques, Vol. 49, Dec. 2001, pp. 2315-2321.

14. W. Batty, C. E. Christoffersen, A. J. Panks, S. David, C. M. Snowden, and M. B. Steer, “Electrothermal CAD of power devices and circuits with fully physical time-
dependent compact thermal modeling of complex non linear 3-d systems,” IEEE Transactions on Components and Packaging Technology, Dec. 2001, pp. 566-590.
15. C. E. Christoffersen and M. B. Steer,  State-variable-based transient circuit simulation using wavelets," IEEE Microwave and Guided Waves Letters, Vol. 11. April
2001, pp. 161-163.

16. C. E. Christoffersen, U. A. Mughal, and M. B. Steer, “Object oriented microwave circuit simulation,” Int. J. on RF and Microwave Computer Aided Engineering, Vol.
10, Issue 3, May/June 2000, pp. 164-182.

17. A. I. Khalil, A. B. Yakovlev, and M. B. Steer, “Efficient method of moments formulation for the modeling of planar conductive layers in a shielded guided-wave
structure,” IEEE Trans. on Microwave Theory Techniques, Vol. 47, Sept. 1999, pp. 1730-1736)

18. C. E. Christoffersen and M. B. Steer, “Implementation of the local reference node concept for spatially distributed circuits,” Int. J. on RF and Microwave Computer
Aided Engineering, Vol. 9, No. 5, Sept. 1999, pp. 376—384.

19. A. I. Khalil and M. B. Steer “A generalized scattering matrix method using the method of moments for the electromagnetic analysis of multi-layered structures in
waveguide,” IEEE Trans. on Microwave Theory Techniques, Vol. 47, Nov. 1999, pp. 2151-2157. )

20. M. N. Abdulla, C. E. Christoffersen, H. M. Gutierrez, P. L. Heron, C. W. Hicks, A. I. Khalil, U. A. Mughal, S. Nakazawa, T. W. Nuteson, J. Patwardhan, S. G. Skaggs,
M. A. Summers, S. Wang, and A. B. Yakovlev, “Global modeling of spatially distributed microwave and millimeter-wave systems,” IEEE Trans. on Microwave Theory
Techniques, June 1999, pp. 830-839 57



21. C. Christoffersen, M. Ozkar, M. B. Steer, M. G. Case, and M. Rodwell, “State variable-based transient analysis using convolution,” IEEE Trans. Microwave Theory
Techniques, June 1999, pp. 882—-889.

22. A. |. Khalil and M. B. Steer, “Circuit theory for spatially distributed microwave circuits,” IEEE Trans. on Microwave Theory and Techniques, vol. 46, Oct. 1998, pp.
1500-1502.

23. M. S. Basel, M. B. Steer, and P. D. Franzon “Simulation of high speed interconnects using a convolution-based hierarchical packaging simulator,” IEEE Trans. on
Components Hybrids and Manufacturing Technology, Part B: Advanced Packaging, Vol. 18, Feb. 1995, pp. 74—-82.

24. C.R. Chang, M. B. Steer, S. Martin, and E. Reese, “Computer-aided analysis of free-running microwave oscillators,” IEEE Trans. Microwave Theory Techniques,
Oct. 1991, pp. 1735-1745.

25. D. Winkelstein, M. B. Steer, and R. Pomerleau, “Simulation of arbitrary transmission line networks with nonlinear terminations,” IEEE Trans. on Circuits and
Systems, April 1991, pp.418-422. See also, IEEE Trans. on Circuits and Systems, Vol. 38, Oct. 1991.

26. M. B. Steer, C. R. Chang and G. W. Rhyne, “Computer aided analysis of nonlinear microwave circuits using frequency domain spectral balance techniques: the
state of the art,” International Journal on Microwave and Millimeter Wave Computer Aided Engineering, Vol. 1, April 1991, pp. 181-200.

27. C. R. Chang and M. B. Steer, “Frequency-domain nonlinear microwave circuit simulation using the arithmetic operator method,” IEEE Trans. Microwave Theory
Techniques, Aug. 1990, pp. 1139-1143.

28. P. J. Lunsford, G. W. Rhyne, and M. B. Steer, “Frequency-domain bivariate generalized power series analysis of nonlinear analog circuits,” IEEE Trans. Microwave
Theory Techniques, June 1990, pp. 815-818.

29. C.R. Chang, P. L. Heron, and M. B. Steer, “Harmonic balance and frequency-domain simulation of nonlinear microwave circuits using the block Newton method,”
IEEE Trans. Microwave Theory Techniques, April 1990, pp. 431-434.

30. P. L. Heron and M. B. Steer, “Jacobian calculation using the multidimensional fast Fourier transform in the harmonic balance analysis of nonlinear microwave
circuits,” IEEE Trans. Microwave Theory Techniques, April 1990, pp. 429-431.

31. R. J. Bishop, J. J. Paulos, M. B. Steer, and S. H. Ardalan, “Table-based simulation of delta-sigma modulators,” IEEE Trans. on Circuits and Systems, March 1990,
pp. 447-451.

32. C. R. Chang, M. B. Steer, and G. W. Rhyne, “Frequency-domain spectral balance using the arithmetic operator method,” IEEE Trans. Microwave Theory
Techniques, Nov. 1989, pp. 1681-1688.

33. G. W. Rhyne and M. B. Steer, “Comments on 'Simulation of nonlinear circuits in the frequency domain',” IEEE Trans. on Computer Aided Design, Aug. 1989, pp.
927-929.

34. G. W. Rhyne, M. B. Steer, and B. D. Bates, “Frequency-domain nonlinear circuit analysis using generalized power series,” IEEE Trans. Microwave Theory
Techniques, Feb. 1988, pp. 379-387.

35. G.W. Rhyne and M. B. Steer, “Generalized power series analysis of intermodulation distortion in a MESFET amplifier: simulation and experiment,” IEEE Trans.
Microwave Theory Techniques, Dec. 1987, pp. 1248—-1255.

36. C. S. Saunders and M. B. Steer, “Reduced-order modeling for co-simulation of circuit and electromagnetic interactions,” Proceedings of the XXX General Assembly
of the Union of Radio Scientists International, In Press, August 2011.

37. S. Priyadarshi, N. Kriplani, T. R. Harris, and M. B. Steer, “Fast dynamic simulation of VLSI circuits using reduced order compact macromodel of standard cells,”
Proceedings 2010 IEEE Int. Behavioral Modeling and Simulation Conference, September 2010.

38. T. R. Harris, S. Melamed, S. Luniya, L. E. Doxsee, Jr., K. Obermiller, C. Hawkinson, W. R. Davis, P. D. Franzon and M. B. Steer, “Thermal analysis and verification
of a mounted monolithic integrated circuit,” Proceedings of IEEE SoutheastCon 2010, March 2010, pp37—40.

39. C.S. Saunders and M.B. Steer, “Robust automated modeling of distributed microwave circuits using genetic algorithms,” Microcircuit Applications Conf.
(GOMACtech), March 2010.

40. N.M. Kriplani, J. Fletcher, S. Langdon, C.W. Penney, S.A. Fast and M.B. Steer, “Integration of FDTD EM analysis and transient circuit simulation of RF systems,”
2009 IEEE MTT-S Int. Microwave Symp. June 2009, pp. 1577-1580.

58



60. W. Batty, C. E. Christoffersen, S. David, A. J. Panks, R. G. Johnson, C. M. Snowden and M. B. Steer, “Steady-state and transient electro-thermal simulation of
power devices and circuits based on a fully physical thermal model,” 6 th Int. Workshop on Thermal Investigations of ICs and Systems (Therminic 2K), Sept. 2000, pp.
125-130.

61. H. Gutierrez, C. E. Christoffersen and M. B. Steer, “An integrated environment for the simulation of electrical, thermal and electromagnetic interactions in high-
performance integrated circuits,” Proc. IEEE 6th Topical Meeting on Electrical Performance of Electronic Packaging,, Sept. 1999, pp. 217-220.

62. M. B. Steer, J. W. Mink and J. F. Harvey, “Strategies for modeling the interaction of device, circuits and fields,” Proc. 1999 URSI General Assembly, Aug. 1999.
63. C. E. Christoffersen, S. Nakazawa, M. A. Summers and M. B. Steer, “Transient analysis of a spatial power combining amplifier,” 1999 IEEE MTT-S Int. Microwave
Symp. Digest. June 1999, pp. 791-794.

64. M. B. Steer, C. E. Christoffersen, H. Gutierrez, S. Nakazawa, M. Abdulla, and T. W. Nutesson, “Modelling of large non-linear systems integrating thermal and
electromagnetic models,” European Gallium Arsenide and related 11l-V Compounds Application Symposium, Oct. 1998, pp. 169-174.

65. M. B. Steer, M. Ozkar, and C. E. Christoffersen, “Circuit level modelling of spatially distributed mm and sub mm-Wave Systems,” Proc. 1998 IEEE Sixth Int. Conf. on
Terahertz Electronics Proceedings, Sept. 1998, pp. 21-24.

66. M. B. Steer, M. N. Abdulla, C. Christoffersen, M. Summers, S. Nakazawa, A. Khalil, and J. Harvey, “Integrated electro-magnetic and circuit modeling of large
microwave and millimeter-wave structures,” Proc. 1998 IEEE Antennas and Propagation Symp., June 1998, pp 478-481.

67. C. E. Christoffersen, M. B. Steer and M. A. Summers, “Harmonic balance analysis for systems with circuit-field interactions,” Proc. 1998 IEEE MTT-S International
Microwave Symp., June 1998, pp. 1131-1134.

68. M. A. Summers, C. E. Christoffersen, A. I. Khalil, S. Nakazawa, T. W. Nuteson, M. B. Steer, and J. W. Mink, “An integrated electromagnetic and nonlinear circuit
simulation environment for spatial power combining systems,” Proc. 1998 IEEE MTT-S International Microwave Symp., June 1998, 1473-1476.

59



-
Summary

60



	Simulation and Modeling of Large Microwave and Millimeter-Wave Systems,�Part 2
	Outline
	Circuit-Level Behavioral Modeling
	Coding Example
	Modeling Scope
	Electro-Thermal Resistor Code
	Electro-Thermal Resistor Code
	Evaluation Routine
	What can be Modeled that Could not be Modeled Before
	VCSEL
	Slide Number 11
	Slide Number 12
	Code
	Large Signal Noise Modeling
	         Flicker Noise
	Slide Number 16
	Slide Number 17
	Slide Number 18
	Electro-Thermal Physical Transistor Model
	Electro-Thermal Modeling of PA
	Slide Number 21
	Slide Number 22
	Application: Modeling of a Quasi-Optical Power Combiner
	Quasi-Optical Power Combining Amplifier
	Essential Problems�in CAE of QO Systems
	Grid Amplifier System
	Near-Field Radiation
	Electromagnetic Modeling of Quasi-Optical Systems�
	Nodal Admittance Matrix Determination
	Slide Number 30
	Nodal Admittance Matrix Determination
	Development of a Quasi-Optical Green’s Function
	Measurement Setup
	Transistor Model
	Nonlinear Electro-Thermal Element
	EKV Model (v2.6)
	Slide Number 37
	Slide Number 38
	Slide Number 39
	Inverter in fREEDA netlist
	EKV 2.6 Model
	Parallelization
	Slide Number 43
	Splitting Delay Element
	Flow
	Multi-Processor Implementation
	Multiprocessor Implementation
	fREEDA Parallelization
	fREEDA Parallelization
	Speed-Up
	fREEDA and REMCOM’s xFDTD
	Slide Number 52
	Distributions
	fREEDA
	fREEDA Commercialization
	Modeling Challenge: Non KCL
	Slide Number 57
	Slide Number 58
	Slide Number 59
	Summary

