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Transfer current in HICUM/L2 am.

...........
---------

The transfer current consists of a forward and a reverse part
iT — in _iTr

The expression below is formally similar to those used in any

Gummel-Poon clones but it is un-normalized

iTj . VB'E' _ VB'C'
C10ﬂ1+ iChj exp{me 'VTJ exp( Vi ﬂ by = C;O-GXP( o }
QpT (IT) QpT (IT) meVT

Parameter ich stands for a legacy 2D behaviour

T

The weighted charge QpT nonlinearly depends on iT as opposed

to other HBT/BJT models where a linear dependence allows for a
guadratic solution for QpT



Charge components ami

Fixed - or junction related - charge (pure voltage dependence)
QpT,Iow = IITIr_n>0 QpT = on + hjel ) QjEi + hJCI ) QjCi
Weighted forward minority charge (voltage&current dependence)

Qi+ =hf0-Q;, +hfe-AQg +AQg + hfc-AQ

Reverse minority charge (current dependence)
Qr,T =1r- iTr

QpT consists of these three major components
QpT :QpT,Iow+Qf,T +Qr,T



Detailed charge dependences am.

---------

Manual VA code Comment Dependence
Qo N.A. (part of Qf) [Low current minority charge (tfO*itf) vbici, itf
QpT low QO Fixed - or junction related - charge (Early term) vbiei, vbici
Qs Qf Minority hole (actual) charge vbici, vciei, itf
Qs Q_fT Weighted hole charge for transfer current, part of | vbici, vciei, itf
AQg; QfE (FFd_QfE) | Emitter charge vciei, itf
AQpg; Q_Dbf (FFd_QfB) | Additional base charge vcieli, itf
AQc QfC (FFQ_fC) Additional coll. charge vciei, itf
Qe N.A. | QfCT (FFQ_cT) |Add'l coll. charge with current spreading vciel, itf

All but one charge components depend on the forward
transfer current, all but one nonlinearly.

Explicit solution is not possible.



Comments amii

 current HICUM/LZ2 variants iteratively solve the implicit equation
OpT=QpT (itf (QpT) ) in an internal Newton-Raphson loop

loop terminates at reltol=1e-5 or at achieving 200 steps

loop iterations multiply by the #of network solution cycles

reltol=1e-5 holds also when network is still far from solution

HL2 is the single recent model having an internal loop

Existing solutions to get rid of the internal loop resulted In
the LO variants at the cost of compromising model
performance



---------

Options for removing the loop, #1 am.

Proposed in [1]

o ¢i (3) . RCX[\/\N\J f}[“”
o In-- Gafe | we NEw node cp is added for
. ® O i) | incin) connecting a voltage source
L bi (1) -
@l@de Qi Wlim® Q. =Q_0+Q;;+Q,; :Q_O+Qf1T+tr'(;_Or
- pT
- I with QfT(itp) known, QpT is computed as
E Q= 20 Qn @) +J[Q_0+§ﬁ(itmj i o
o e [VX3)

itp IS the current of the voltage source vp=0. Both it f
and itr depend on itp through the charge Q_, (itp).
Network solver guarantees itp=itf In hode cp



remarks amiss

« a voltage source reqires 2 system variables in MNA: one for its
Insertion and one for its current: matrix order increases by 2

* in Verilog-A a voltage contribution v (ci, cp) <+ 0Is nheeded
 not all compilers (e.g. ADMS) handle voltage contribution
* the solution modifies the core Hicum/L2 schematics

* new branches (ci,cp) and (cp,ei) In the core network appear
In the ddx (var,v(ci)), ddx(var,V(ei)) operations for OP
Information

Though the solution was proven to work faster than the
original code it Is justified to look for an alternative



Options for removing the loop, #2 ami

Express it f from KCL on an existing node and use it as an
,Jndependent” variable itp for computing QpT (itp)

g g

. & o
-S,L__ If-rx_ o Ca Hi eff. internal transistor
i ' i P ! . ~ ! (

e : Fig. 2.1.0/1/a of [2]

KCL for node ¢’: V(ci,c)/rcx _t+itf —itr +iavl-ibci-ijbcx-ijsc — Dings =0
iIsum =-V (ci,c)/rcx _t+ibci +1jbex +ijsc — Dings
itf —itr +iavl = isum | _Tfl=i_0f/Q_pT,;
iavl = avl-itf itf =1 _Tf1-(1+Oich-1 _Tf1);
Dings = Itxf —itf itr =1_0r/Q _pT =i1_0r-1_Tf1/i_Of




ooooooooooo
-----------
-----------
---------

Options for removing the loop, #2, cont’ Gm

---------

One can write

isum = itf —itr +iavl = (1+avl)itf —%I Tf1=I_Tf1. {(1+avl)(1+0|ch | Tfl)——' 8;}
I_ —

isum = |_Tf1-K1+ avl— =0 j+0ich - I_Tfl}

i Of
It follows
isum = Oich- 1 _Tf12 + £1+avl—%] | Tf1 |
- m—) | Tfl= il
. . i Or b ++/b2 +Oich - isum
Oich-1_Tf1*+2b-1_Tfl-isum=0; b=051+ avl——_—Of
I_

itp =1 _Tf1-(1+Oich-1_Tf1)



//dissolve iteration loop b b b b b b b b b db b b b b b b b b b b b b b ¢
begin : LOOPLESS

real itp,A gpT,rcxt,Dings,icci, isum,bb;

Dings Ttxf-itf;

soxt - 0.5+ (rex tesart (rex_terex t4oepsr) ) ; 4mm Smooth transition to MIN R
icci = type* (-V(br cic v))/rcxt; __
isum = icci+ibcit+ijbex+ijsc-Dings;

bb = O.5*(1+avl—i_0r/i_0f); . .

I_Tf1 = fsum/ (bb+sqrt (bb*bb+Oich*isum)); Hard clamping exists several
itp = I_Tfl*(l+OlCh*I_Tfl); .

e -1 f0; places in HICUM/LZ2 for a
of = T fO*itp;

"HICQFF (itp,ick,Tf,Qf, T fT,Q fT,Q bf); Virtual nOde collapse”
B_qpT=0.5* (Q_0+Q_£T)A; L N
O_pT=A_gpT+sqrt (A_qpT*A_gpT+Tr*i_0r); Function and derivative

I Tfl = 1 0f/Q pT; . . .y

a_h = Oich*I_Tfl; discontinuities may lead to
itf = I_Tfl*(1.0+a_h); . . . .

itr - i0x/0 p; fallures in HB simulation

end
//dj_SSOlve iteration loop R b b b b b b b b b b i b b b b b b b b b g

No extra node is needed but runs slower than original



Options for removing the loop, #3 amin

Targets:

« avoid additional voltage source(s)

* preserve the core HICUM/L2 schematics
* minimize node count increase

* replace the internal loop by a short code segment

itp=V(nitp)
nitp

i) simulator adjusts new system variable
(D v (nitp) until KCL is satisfied in node nitp
yielding itp=itf (itp)




ooooooooooo
-----------
-----------

Options for removing the loop, #3, code M.

---------

ICKa = (vceff-vlim t)*Ovpt;

ick = ick2*(1.0+4+0.5* (ICKa+sqrt(ICKa*ICKa+l.0e-3)));
end

//loopless ******************************************
begin : LOOPLESS

T_fT in original code was used in

itp = V(br nitp);

of - T fovice; the derivative of QpT for the NR
“HICQFF (itp, ick,Tf,Qf, T fT,Q fT,Q bf);

Aap? = 0.5% (0010 fT); iteration. It is not needed anymore

Q pT = A gpT+sgrt (A gpT*A gpT+Tr*i Or); . .
e - Lozoer making further code truncations
i b possible [3]. These simplifications

Qr = Tr*itr;

were not performed in this code in

******************************************

//loopless
//NQS effect implemented with LCR networks Order to Observe the net eﬁeCt Of
//Once the delay in ITF is considered, IT NQS is

//caloulated asterwards - omitting the internal loop

it = itf-itr;

I(br nitp) <+ (-itf);
I(br nitp) <+ V(br nitp);

Snippet inserted in place of original code bw. highlights



Restoring the original node count ami.

noise correlation

Ine= \lquT% ? b= #EqIJBE% ?
Ve 15V,
> Two extra nodes nc and

ST e _mﬂz oiseless nb are needed for
| intrinsic correlated noise modeling
Tp1Vnb TpoVne

Tpo=jots o t it 18Voe . .
e i in all HL2 variants

Fig. 2.1.0/1/e of [2], hicumL2v2.33

i= ddt T1*V(n1)) i=cn V(m}
20 .
Smgm C*D C*) o=~ =10 One single extra node n1
~ model mfac=1.0 IS proven to be enough for
" sy T1=Tkafa'mfaC'“” solving the correlated
mfac-a,; . .
s=2°q'l R=10 R noise problem in HBTs [4]

Ffig. 2 of [4]



Node counts summary am.

Internal nodes Node names No.
Internal nodes Node names No. : : : ——— :
: : : —— : basic device functions ci, ei, bi, bp, si,tnode | 6
basic device functions | ci, ei, bi, bp, si,thode | 6
excess phase xf, xf1, xf2 3
excess phase xf, xf1, xf2 3 —— :
itp/itf node nitp 1
correlated noise nl, n2 2 :
: correlated noise nl 1
Total, std. Hicum [2] 11 :
Total, loopless with [4] 11
Node allocation of Node allocation of the
hicumL2v?2.33 loopless hicumL2v2.33 with

noise optimization [4]

The node count — consequently the matrix rank -
remains the same in both versions



Results

Tests were made in QucsStudio 1.5.1, partly in QucsStudio_2.4.0

Investigated variants:

* QucsStudio Compliant release code with OP:  hicumL2v2p33_QC.va
* QucsStudio Compliant release code w/o OP: hicumL2v2p33_QCX.va
* loopless code and single node noise, with OP: hicumL2v2p33_Ipls.va
* loopless code and single node noise, w/o OP: hicumL2v2p33_IplsX.va

Issues with ADMS_2.30 (2.34) used by QucsStudio 1.5.1 ( 2.4.0)

« ,node collapse” voltage contribution v (or) <+ 0; tacitly implies malfunction
 approximate workaround by a current contribution 1 (or) <+ V(br)/ MIN R;
* parameter string IS NOt applicable

*@initial step and efinal step are not functional

* parameter real temp = t amb Shall be added to the parameter list

* US€e ddx (type*var,V (node)) ; I/0 type*ddx (var,V (node) ) ;

* Iport = I (<port>) does not work, sum current of branches meeting in port
« avoid the use of directive “ifdef insideADMS

* unique peculiar tricks are needed for making 4dx () functional (if at all)



Gummel and FT

0.1 HL2v2.33-QC, Veb=0.5¥
e o50d © © HL2v2.33-pls, Veb=0.5V
001 ’ HL2v2.33-Q1C, Vch=0Y
) O 0 HL2v2.33-pls, Veb=0V
HL22.33-0C, Yeb=-0.5%
aoo1d 180 2007 0 o HL2v2.33pls, Veb=-0.5V
-
% 1e-4 4 T600 % 1501
= le, HL2V2.33-QC
< — HL2V2.33-gC i
1eu5 ] = Ic/lb, HL2Y2.33-0C 1 400 1001
0 O Ic, HL2V2.33pls
0 0 Ih, HL2V2.33pls
@ o Ig/lb, HL2Y2.33pls
le-6
4200 50—+
1e-7 %
3-8 | : : : 10 Q I ’ ’
0.75 0.8 0.85 0.9 0.95 1 0.05 041 1 10
Vhe [V] Ie [mA]

Full agreement



NQS: admittance parameters

presely21} [ceg]

freqguency [GHz] frequency [GHz]

alqf=0.34, alit=0.68, Vbe=0.98V, Vcb=0V

Full agreement

80
0 b
70 guteoRree
ol | T Ry e 101
= 8
2 = &0
A 8
= T
_1004 HL2v2.33-QC, phase(y21) G o 40
€ O HLX2.33-pls, phase{y21) = ._
HL2v2.33-01C, mag(y21) a0+ :
0 0 HL22.33pls, mag(y21) HL2v2.33-QiZ, phaseiy11)
. , s+ O O HL2vZ 33-Ipls, phasely11)
150+ HL2v2.33-QC, magiy11)
) 1 0 0 HL2v2 33pls, magly11)
) =+0.03 107 : 0.01
10 100 1e3 10 100

1e3

[s]{12f)Gew



Noise parameters

4 5
HL2v2,33-01C, MFmin
@ © HL>»2.33-pls, NFmin
HL2v2.33-01C, Rnb0 1a
3T @ © HL2v2.33-pls, Rnb0
E T3
s 2
= 2
s 12
-I__
T1
0 } } } 0
0.05 01 1 10 50
Ic [maA]

algf=0.34, alit=0.68, Vce=1.2V, frequency=10GHz

HL23.33-0C, mag({Sopt)
0 0 HL2v3.33-pls, mag{Sopt)
HL2v3.33-0QC, phase{Sopt)
0 0 HL2v3.33-Hpls, phase{Sopt)

Y T AT A

X
[Bap] fidogleseud

2]
=]

Full agreement

1
Ic [

10

50

180



DC speed test am.

HL2v2.33-QC g % % Ib [uA] &
|| © © HL2u2.33-pis ] 10+

b [uA]

e e e e e S eSS T

D.ﬂ(—
1

1 0.5 0 0.5 1 15 2 2 3 4 5 6

Yee [V [Tyl

IB forced forward output characteristics
covers deep reverse and strong forward DC bias with avalanche

Tests were made in Vce=-0.9V...step10uV...2V, 290.001 points/Ib



DC speed test, cont’ ami

foi: Vce=-0.9V...step10uV...2V, 1.740.006 points total
b= 125.5nA; 625.0nA; 1.255UA; 2.510uUA; 6.275UA; 12.550uA

Model QucsStudio _1.5.1
HL2v33 QC 24m 21s
HL2v33 Ipls 12m 58s
HL2v33 QCX 10m 57s
HL2v33_IplsX 9m 40s

Significant speed difference at the OP variants



TR speed test #1 ami.’

Test circuit: Colpitts Common Collector (CC) oscillator [6]

u=1.1Vv

File=hicumL2v2p33_Ipls.va File=hicumL2v2p33_QC.va

14|+
fings=1 S fings=1 . 1
- “L=1nHC fish=1 transient ool
fish=1 =05 oH _ _
c =9op b out | simulation
74 uil=0Vv 0
out. V|
s -0.2T
1 +
041
0.6

C=1uF

\/ U2=0.87 V TR1
- _ R=50 Ohm
Is{\/]e T1=0 Stop=500 ps
7\ T2=1000 ps|.+ =12 mA Points=10001
B method=Gear6

Runtimes, hicumL2v2.33 QC: 11.72s hicumL2v2.33 Ipls: 3.40s

As found in [6] this Colpitts oscillator does not run in CE mode
using EDA tools. Same behaviour is observed in QucsStudio.

Loopless runs about 3.5-times faster than standard



TR speed test #2

Test circuit: ring oscillator, scheme by courtesy of D. Celi, STM [5]

Runtimes at three tail currents in
QucsStudio _1.5.1 (pulse train length: 10ns, steps: 9901)

Device pre FT peak FT | post FT
Ic=1.4mA | Ic=8.5mA | Ic=23mA

hicumL2v2p33 QC.va |25m 51s | 36m 9s 44m 37s
hicumL2v2p33 Ipls.va | 20m 34s |[30m 11s | 33m 40s
hicumL2v2p33_QCX.va | 16m Os 24m 25s | 26m 32s
hicumL2v2p33_IplsX.va | 17m 32s | 26m 39s | 29m 55s

ooooooooooo
ooooooooooo
-----------
---------
---------
ooooooooo
ooooooooo
ooooooooo
---------
-----------
...........

---------

Significant speed difference at the OP variants



Artefacts #1

---------

0.8

o) p 9 ©
o P ? °

Sy © o}
D 0 o
5] > Q e

HL2v2.33-QC © i o
V(n45)| | © © HL2v2.33-Ipls o D O 9

1.2+ 0

14T

1e-10 1.5e-10 2e-10 2.5e-10 3e-10 3.5e-10 4e-10 4.5e-10 5e-10 5.5e-10 6e-10 6.5e-10 7e-10 7.5e-10 8e-10 8.5e-10 9e-10 9.5e-10 1e-9
time [s]

pulse train length: 1ns, time steps: 451

QucsStudio 1.5.1

Loopless variant gives different waveform than the std.
code: backward compatibility endangered? [6]



Artefacts #2

-0.8
-097T

SRR

-1.2771 © O HL2v2.33-Ipls

137

1.4 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1e-10 1.5e-10 2e-10 2.5e-10 3e-10 3.5e-10 4e-10 4.5e-10 5e-10 5.5e-10 6e-10 6.5e-10 7e-10 7.5e-10 8e-10 8.5e-10 9e-10 9.5e-10 1e-9
time [s]

pulse train length: 1ns, time steps: 451

QucsStudio 2.4.0

QucsStudio provider M. Margraf: ... the tolerance calculation was
a little bit buggy in former versions.”

No artefacts in QucsStudio 2.4.0.



Artefacts #3 amis

-1.21

-0.81
0.9
[
b
=11 I
z SRE 3 2
Sd - W H
[ 5 »
= 5
¥

HIL2v2.33-01C, QuesStudio-1.5.1
o2 HLw2.33-00C, QuesStudio-2.4.0

C
-

-1.37

-1.4 I I I I I I I I I I I I I I I I I
1e-10 1.5e-10 2e-10 2.5e-10 3e-10 3.5e-10 4e-10 4.5e-10 5e-10 5.5e-10 Be-10 6.5e-10 7e-10 7.5e-10 8e-10 8.5e-10 9e-10 9.5e-10 1e-C
time 5] _

Comparing original code running in QucsStudio 1.5.1 and
QucsStudio _2.4.0

Moderate artefacts. TP differences of 20% exist in [5]
bw. EDA simulators A and B too at a tail current of 23mA



Extension amu

ELDO simulations were performed on various HICUM revisions by
Didier Celi (HICUM referre at CMC), STM Cirolles, France [7]

\

- e
e
Runtime Analysis of 4 VA HiCuM P
9
@

) e

NeXt feW S||deS are Versions with and without Internal
summaries: see full ~ solver
detalls |n SmeISS|On Didier Céli, Jean Remy

28" ArbeitsKreis Bipolar - Letter Session
Unterpremstastten, Austria, November 05/06, 2015 T
ITfr

HiCuM revision Comments Crp

HiCuM/L2 v2.33 | Production version

HiCuM/I2 v2.34 | Last HICUM revison. Beta version under evaluation [1] H i C u M/L2V2 . 40 [3.' -

HiCUM/L2 v2.40 HiCuM without internal solver, proposed by TUD [2] with the help of 2 additionnal internal r -
: nodes. Not approved by CMC HiCuM subcommittee. No runtime improvement. 1 t d d b
HiCuM without internal solver, proposed by Z. Huszka (AMS) [3] with the help of 1 additionnal eX e n e y C r p

internal node.

ITr

HiCuM/L2 v2.4Z

HICuM/L2v2.4Z is identical to hicumL2v2p33_Ipls of this work



ELDO: number of Newton iterations Clm

5 Ic=1.4mA 5 Ic=8.5mA
14X 10" L L ‘ 14X10° L
HEl SH=0,NQS=0 El SH=0,NQS=0
[ SH=1,NQS=0 [ SH=1,NQS=0
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10+ 1 10+
wn 2]
c c
2 S
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Z 6 26 T N
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| | ZIH IH
JHANE EEE ENE EECR N (5 r ,
v2.33 v2.34 v2.40 v2.4z v2.33 v2.34 v2.40 v2.4z
5 Ic=23mA
14x 10 ‘ L
HEl SH=0,NQS=0
[ SH=1,NQS=0 ]
127 ] SH=0,NQS=1
Hl SH=1,NQS=1
10} ]
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ELDO: number of accepted timesteps

X 10° Ic=1.4mA X 10° Ic=8.5mA
El SH=0,NQS=0 El SH=0,NQS=0
1.84 [ SH=1,NQS=0 . 1.8 [ SH=1,NQS=0
[ ] SH=0,NQS=1 [ SH=0,NQS=1
1.6/ I SH=1,NQS=1 ] 1.6/ I SH=1,NQS=1
0 %)
51.4~ . 31.4«
810 . 810
E™ E™
g 1 f R
o o ]
gos8r 1 go0.8r
(] ®©
¢Ct>0.6~ k 1(20.6«
0.4 1 0.4
“EAEOE NECE EECN EECE ol [ B
0 v2.33 v2.34 v2.40 v2.4z 0 v2.33 v2.34 v2.40 v2.4z
2x105 Ic=23mA

Bl SH=0,NQS=0
I SH=1,NQS=0
[ ] SH=0,NQS=1
B SH=1NQS=1

0.6
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ELDO: pulse period

lc=1.4mA Ic=8.5mA
600 T T T T 600 r r
i i i lm Hl SH=0,NQS=0
[ SH=1,NQS=0
500f 500 ] SH=0,NQS=1
Hl SH=1,NQS=1
&400r &400r
& 2
3 g
5 300 Il SH=0,NQS=0 5300
o [ SH=1,NQS=0 o
i [ SH=0,NQS=1 8
> — — =}
l il I I I IHH[
0 I I 1l O
v2.33 v2.34 v2.40 v2.4z V2. 33 v2.34 V2. 40 v2.4z
Ic=23mA
600 T r
Hl SH=0,NQS=0
[ SH=1,NQS=0
500 ] SH=0,NQS=1 i
e T(1.4mMA)>>T(23mA)
&400r 1
="
'8 L]
'§300 . Whlle
(]
K%
>
fT(1.4mA)>fT(23mA)
B I I I I I I |
0 1l I 1l

v2.33 v2.34 v2.40 v2.4z



ELDO: artefacts
SH =1 and NQS =1

m Waveforms
+|C =14 mA o lo= 14 ma
= All versions give the same results '

B
=144

Culput Volage [V
=

|p = 55 ma

. |C = 85 mA o w3
= All versions give different results AT T T O <.
« Explanations? - '_ : - : k

Chdpad Velage [V

i ]
o= Famé

+ |C = 23mA i r T 1 a=
- . | r 1 | | - w234

= All versions give different resulis o i t ' - T a8

+ Explanations? |

- g 1 —
Y
0z I 12 14 18 12 2
" Tima [ra]

AKE 20015
Sugmandad

Waveform differences: a backward compatibility condition?



Summary amui

overview of transfer current and charge formulations
Implicit nature requires an internal NR solver in HICUM/L2

several options have been shown for shifting the internal NR
solution to the MNA circuit solution domain

discussed variants ranged from zero to two extra nodes

proposed single node variant is the simplest option at the benefit
of leaving the original model schematic unchanged

required extra node is compensated by proposing a single node
correlated noise implementation

DC, AC, noise, TR tests run faster and show perfect match in
QucsStudio

ring artefacts may be related to the simulator and exist at the
original model too.



Summary, cont'd ami
« ELDO ring oscillator simulations show different result than
QucsStudio

« v2.34 (beta version with internal iteration) is similar to v2.33
(latest industrial version)

* v2.4Z (no extra node) is similar to but requires more iteration
steps at high currents than v2.40 (four extra nodes)

« impact of NQS is dominant over that of SH in all versions

 pulse period dispersion at medium and high currents lead to
waveform differences among versions (artefacts)

« artefacts inadvertedly appear using the same model in different
simulators as well

* is It justified to regard ring waveform artefacts as backward
compatibility violation? (expected to appear bw. all updates)
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