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Conventional Circuit Schematic

WI/L = 120/0.18

WI/L = 57/0.18

Vg1 0——— l:Ql

VDD

I » Good for layout stage, not much else

» Can’t deduce useful design

Q3_—.|f I e insights/intuition from this schematic

$—o »  Why care about W/L?

sz_h_ova,_, »  During design, we worry about gain,
bandwidth, noise, etc.

W/L tells us nothing about this unless we
fire up a simulator




A Better “API” for Design Using G_/I_

VDD

| =7 S/IA . «“ ” .
?"L% GHz I » Can directly “see” important info
T = |Input pair in moderate inversion

Q3_—.|f | 'r—_Q" = Linear input range ~V* =2/15V
g, |D= 15 S/A = Mirror in strong inversion
f. =14 GHz ) = Pole-zero doublet at 5/10 GHz
UG,o—||:Q1 Q2:||—ov(;2 = Noise overhead from mirror is about 50 %
TmA [




Basic Sizing Approach using gm/ID ratio

_ Im
Desired g,, —p Ip = Im\ F——> W=I_D —p Device width
(%) Jp
Numerical data from
Pick “‘;—’" Lookup J, (‘c;—:,L) <@—— 2 one-time Spice
D

sweep
Strong inversion ~5 S/A

Moderate inversion ~15 S/A Pick L for speed,

Weak inversion >25 S/A intrinsic gain,
matching, etc.

» Straightforward for “hello world” sizing examples (desired g is known a priori)
» Need an optimization methodology for real-world problems
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COMMANDS1

.param wx=5 1x=0.15 vbx=0

.dc vg 0 1.8 25m vd 0 1.8 25m
.control

option numdgt = 3

set wr_singlescale

set wr_vecnames

foreach 1 val 0.15 0.16 0.17 0.18 0.19
+ 0.2 0.30.40.50.60.70.80.9123
alterparam 1x = $

1 val
foreach vb val 0 0.2 0.4
alterparam vbx = $vb val
reset
run

wrdata techsweep nfet 01v8 1lvt.txt all
destroy $curplot
set appendwrite
end
end
set appendwrite=0

alterparam 1x = 0.15

alterparam vbx = 0

reset

op

showmod

show

write techsweep nfet 01v8 lvt.raw
.endc

COMMANDS?2

.save @m.xml.mskyl30 fd pr nfet 01v8 lvt[capbd]
.save @m.xml.mskyl30 fd pr nfet 01v8 lvt[capbs]
.save @m.xml.mskyl30 fd pr nfet 01v8 lvt[cdd]
.save @m.xml.mskyl30 fd pr nfet 01v8 lvt[cgb]

.save @m.xml.mskyl30 fd pr nfet 01v8 lvt[cgd]
.save @m.xml.mskyl30 fd pr nfet 01v8 lvt[cgg]
.save @m.xml.mskyl30 fd pr nfet 01v8 lvt[cgs]
.save @m.xml.mskyl30 fd pr nfet 01v8 lvt[css]
.save @m.xml.mskyl30 fd pr nfet 01v8 lvt[gds]
.save @m.xml.mskyl30 fd pr nfet 01v8 lvt[gm]
.save @m.xml.mskyl30 fd pr nfet 01v8 lvt[gmbs]
.save @m.xml.mskyl30 fd pr nfet 01v8 lvt[id]
.save @m.xml.mskyl30 fd pr nfet 01v8 lvt[l]

Corner: tt

.save @m.xml.mskyl30 fd pr nfet 01v8 lvt[vth]

.save b d g
d
0.9
M1 id=470.7u
nfet_01v8_Ivt
g aS ‘ B gm=2.264m b
0.9 [| = nf=1 0
wr™s 1 x {wx} / {Ix}
+9 b +d
(/ vg ™ {vbx} ( >vd
N1/ 09 L vsb L 0.9
GND + GND GND
LGND GND L GND L GND

Boris Murmann

== save, netlist & simulate

== load & annotate

Vt= gm/ID=
0.5736 4.81
o °
cgg= =
3.724e-15 9.676e+10
° °
capdb= gm/gds=
1.922e-15 14.18
° °
capbs=
3 2.82e-15

2024-07-24 01:26:19

-~ Y SCHEM

/foss/designs/Chipathon2024/techsweep_nfet 01v8_lvt.sch

Lookup Table Generation Using Open-Source Tools

1 4-D data table

In(L, Vs, Vps, Vsg)
Vt (Lr VGS' VDSr VSB)
Im (L, Vs, Vps, Vsp)

All files available at
https://qgithub.com/bmurmann/Chipathon2024
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Data Stored as mat File and Accessed Using pygmid

from pygmid import Lookup as 1k

Sie oor 10.5281/zenodo.10370954

v/ 00s

nfet_01v8_1lvt = 1lk('./simulation/nfet_01v8 lvt.mat') 4
v/ 00s

gm = nfet_01v8_lvt.lookup('GM', L=8.15, VGS=0.9, VDS=0.9, VSB=8) pygmld

print(gm)
T A python3 implementation of the gm/ID starter kit

Report bug - Request feature

0.002264

pygmid repo: https://github.com/dreoilin/pygmid

Matlab version: https://github.com/bmurmann/Book-on-gm-ID-design/tree/main/starter_kit

\.6 ,



https://github.com/dreoilin/pygmid
https://github.com/bmurmann/Book-on-gm-ID-design/tree/main/starter_kit

Simple Sizing Example

» Size the differential pair to achieve g_=10 mS
» Use minimum channel length (L = 0.15 um)

» Consider gm/lD =6 S/A and 20 S/A as two options
(strong and moderate inversion)

» Compute Wand |_(=1__/2)

» Estimate ng (total gate capacitance) and f_

Iout,n
o

Tout
out,p

Vipo—l[_ M1 M5

Vs

!

I bias

\.7 ,



Solution for Option 1 — Graphical lllustration A

“Current Density Chart”

nfet_O 1V8_|Vt, Vps=0.9, Vgg=0

0.15
0.16
0.17
0.18
0.19
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
2.0
3.0

|
S
o

[l

wl
=
3
Jo (LA/um)

10—1 1 I I 1 I 1
8 10 12 14 16 18 20
gml/lp (S/A)




Specifications

Same general

flow applies to

more complex
examples!

Design choices

1l =20.15

gm_id = np.array([6, 20])

v/ 00s

Sizing and benchmarking

id = gm/gm_id

jd = nfet_@1v8_lvt.lookup('ID_W', GM_ID=gm_id, L=1)

id/5jd

cgg_w = nfet_01v8_lvt.lookup('CGG_W', GM_ID=gm_id, L=1)

cgg = w¥cgg w
ft = gm/cgg/2/np.pi

cfringe = w*@.239289%e-15

cgg_ngspice = cgg-2*cfringe [ ] More about this in a minute...

df = pd.DataFrame([gm_id, id, jd, w, cgg, ft, cgg ngspice], ['gm_id', 'id’'

v/ 00s

option1

gm_id 6.000000e+00
1.666667e-03

7.100132e-05

2.347374e+01

2.844918e-14

5.594359e+10

cgg_ngspice  1.721516e-14

option2
2.000000e+01
5.000000e-04
3.077393e-06
1.624752e+02
1.790295e-13
8.889872e+09
1.012724e-13

, 'jd', 'w', 'cgg', 'ft', 'cgg _ngspice'], columns=['optionl’,

option 1: large current, small device, high f_
option 2: small current, large device, low fT

‘option2']); df




%%writefile ./simulation/sizing_diffpair.spice
** differential pair sizing example

.include /foss/pdks/sky13@A/libs.tech/ngspice/corners/tt.spice

.param mc_mm_switch=0

*_param 1x=0.15 wx=23.5 nfx=5 idx=1. A g 3
e ar ek Note fingered implementation (nf)
.save @m.xmla.mskyl3e_fd_pr_ nfet_01v8_lvt

XMla d g s © r__nfet_01v8_lvt L={1x} W={wx} nf={nfx} ad='int((nf+1)/2) * W/nf * ©.2 s='int((nf+2)/2) * W/nf * @©.29' pd='2*int((nf+1)/2) * (W/nf + ©.29)"'
+ ps="'2*int(( | ) /

XM1b d g _ _ 'int((nf+1)/2) * W/nf * ©.29' as='int((nf+2)/2) * W/nf * ©.29' pd='2*int((nf+1)/2) * (W/nf + ©.29)"
+ ps='2*int((nf+2)/2 /nf -29)" '9.29 s '9.29 W' sa=@ sb=0 sd=0 mult=1 m=1

(W/nf + ©.29)" < W' nrs= 9 W' sa=l © mult=1 m

vg g © 1
vd d @ 1
s © {2*idx}

.control
op
*show
print @m.xmla.msky13@_fd_pr_ nfet_©1v8_lvt[gm]
print @m.xmla.mskyl3@_fd_pr_ nfet_e1v8_lvt[cgg]
.endc
.end

1 /foss/tools/bin/ngspice -b ./simulation/sizing_diffpair.spice

@n.xmla.msky130_fd_pr__nfet_01v8_lvt[gm] = 1.827211e-02 Close to design target of 10 mS
@m.xmla.mskyl30 fd_pr_nfet_©1v8_lvt[cgg] = 9.989792e-14 Close to estimate of 101 fF

» Error sources
=  Width of device fingers is not equal to width used for lookup table
= Sizing did not consider exact values of V
= Lookup interpolation error
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Real-World Example

» “I'm gonna need you to design a buffer amplifier...”
= Noise is the key specification; we need to be below 50 uVv___of total
integrated output noise
= Finite gain errors are not too important but try to maintain a loop
gain of at least 30 in your circuit. Input is around 0.9 V.
= That buffer should never ring, so maintain a phase margin of 80
degrees so that we can don’t have to worry about this

= Squeeze out the maximum bandwidth you can get with your circuit
(given the PM constraint); we have plenty of power available

Vin_buf

Vout_buf




Phases of a Typical Design Flow

Info from

: . Final circuit
previous Elaboration and layout
slide
» Pick topology candidates (search » Determine “near-optimum » Check for all required
space is huge) sizing” for the chosen design(s) specs & corner conditions,
» Develop complete list of specs, » Often work with nominal specs ultimately post-layout
bounds and design choices that must and conditions, but may want » Must typically revisit
be obeyed (topology dependent) to consider the perceived elaboration phase (or

“worst case” in parallel (you inception phase!)

» Assess feasibility and “try” the most ; -1 )
won’t really know until sign-off)

promising design(s) to fully
understand the design problem




Cutting Corners with “Al”?

\ -

Common-mode Feedback

w1
ING—
L1

Pseudo-sample Generation

Parameter Name Unit LB UB
L1-L2-L3-L4-L5-L6-L7 pum 0.18 | 2
WI-W2-W3-W4-W5-W6-W7 pum 0.24 | 150
N1-N2-N8-N9 integer | 1 20
MCAP fF 100 2000
Ct fF 100 10000

Next Sample: xsample

\\

707 AN
S ST

minimize Power
s.t. DC Gain >60dB
CMRR>80dB
PSRR>80dB
Out. Swing>2.4V
Static error <0.1

Settling Time <30ns

Saturation Margin >50mV
Unity Gain Freq. >30MHz

Out. Noise <30mV s
Phase Margin >60deg

\Circuit Simu!atorj

A

S :}c c{‘ :{é
\
A\ /’" '

NN \\V

design = xLA { / \ \
spec= fP*(xP* | RS£7 \‘“ "’/ e :
size = N2 xP® C I ".::e =:=¢:= e:l"e |
S —k l"ltIC I “§ / " \ ,0 g I
Cartesian Products fP3(xP*)  Training : N\ 7 " I
= design = x e | :
OO0 ] spec = f(x) |77 = ==aL X Xes | \_Critic- Network /|
\ o = o |
N size = N ~. | |
N
1‘ zI
ircui X Actor |
f(xsamp]e) Circuit Info S Tralcrt1?ng z
| s
t L oY = ‘ﬂ:::'_' —~  — : k \ g)DI
sample T LAY |o— \ |
X hE_ g °: ae. N i
= e —_— \ o
B iR =~ o I \ \ 5:
' | WL
2 Topology, Specs, Bounds | Y Ly
|
|
|
|
f
|
|
(

\__Actor - Network /

s e " | — — — — o—

74

A. F. Budak et al., "DNN-Opt: An RL Inspired Optimization for Analog Circuit Sizing using Deep Neural Networks," DAC 2021

\_________

Who/what produced topology, specs, bounds and how long did it take?
Most automation tools speed up elaboration phase only (if anything)
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Overview of My Design Flow

Forward problem (analysis) Inverse problem (design)

VDD ® VDD ®

Existing design

(promising, but et el L
not sized to spec) g pin | L) Analytical 2
W;.FEF model WMJEF
= f “calibration” e f
https://github.com/mole99/ota-5t D'(I;asrigit Csﬁ ;gz S Circuit sized for specs
“Baselining” Sizing for given Specifications
(part of inception phase) (transition to elaboration phase)

(may have sophisticated wrappers/sweeps)

- w



https://github.com/mole99/ota-5t

N

Baseline DES|gn (Ota'St'bUf'SCh) » https://github.com/mole99/ota-5t

» Changed nfets to LVT

vDD® I M2 »  Parameterized L, W, nf
? 5| 4M2a m2b,Ts 7 : M
o L o mim [1 » Pulled in load cap and bias current
nf={nf2} B . nf={nf2}
o 1O gt i to make them part of the “DUT”
(4. . D Vout . -
] M1 » Kept original sizing
I‘:la Dlig§lv84lvt nfet_Ol\@gS?tDB Ml:
Vp,'w—T{ 'B_'r}f:{nfl} aEary h'(Vn
s1x{wl}/{I1} 1x{wl}/{l1}s ' vout .
LI .param ib = 1.00e-05
: et .param cl = 1.00e-12
o s .param w0 = 2.00
MO .param 10 = 1.00
?p| ;MOa MOb, Jp?
nfet 01v8_Ivt }_G. : [ELQfet_OlVB_Ivt .param nf0 = 2.00
1x{v¢g}=/{lzT8is - L Jt&?ﬂwm -param Yi = 30580
.param = 0.
VSS @ | y .param nfl = 4.00
.param w2 = 2.00
.param 12 = 1.00

.param nf2 = 2.00



https://github.com/mole99/ota-5t
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Testbench for Baseline Design (ota-5t-buf_tb.sch)

VSS VDD
VDD
Vp - [ T
— Vp "\,___\ .
/ g1 Vout Open-loop AC analysis
ek L 0 DC open loop gain (A0)
vn,_ | Vi// 0 Unity gain frequency (UGF)
VS8 0 Phase margin (PM)
Vp Vn
VPII #netl #netl IIV“ VDD
51‘:‘;' _ P = _ }>E2 LR = v-;\'“é\\ -
05N - N/ 05 e _ . .
. -—1—- [ ot;t_wouﬁ;: Vout_buf Closed !oop noise an.aIyS|s
Tono g~ 1 Total integrated noise (NOI)
| ] Vn, __//>"("

"+ #netl + #net2 "+ Vin_buf § l
_/-"*\1 Vdm 7 \‘| vem r/“‘-\l Vibuf VSS
|
]/ dcoac1 (‘ /' {vem} "\__-/'l dc {vem} ac1

" GND GND » GND

:l. GND L. GND :;GND

https://github.com/bmurmann/Chipathon2024/tree/main/ota-5t-buf/xschem

\. . W
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Baseline Simulation Results

Vout db20() Vout_buf db20() onoise_spectrum
| 100n >
20 |
: 10n-:
0+ G
: 1n4:
-20 100p
-40{ - - ~ 10p-—— - ~ M S
; ok I oo e B 10k 1M 100M 10G
requency ris i e R ARt
ph(Vout) onoise_spectrum 2 ** integ() sqrt()
.______\‘\\ » 17 ;
[ ' A0: 50.208 : poe
100u —
50 : UGF: 17.141M -
50 \ S o NOI: 114.15u
M‘\—\\\_\\‘-

150 S S
| : 10k 1M 100M 10G

T + N ——
10k M 100M 10G frequency

» Specs are not met, but can we analytically predict the performance?

\. . W
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Baselining Notebook (baseline_ota-5t.ipynb): OP Parameters

for i in range(len(l)):

if type[i] == 'n':
gm_id[i] = n.lookup('GM_ID', ID W=id[i]/w[i], L=1[i], VDS=e.3)
gm cggl[i] .lookup( 'GN Mo TDaW=1d a1 /wa ], =11 ], VDS=0.
gm_cdd[i] .lookup( ' GV ‘, ID_W=id[i]/w[i], L=1[i], VDS=e.
gm_cgd[i] .lookup( 'GV ', ID_W=id[i]/w[i], L=1[i], VDS=e.
gm_gds[i] .lookup( 'GM_ *, ID W=id[i]/w[i], L=1[i], VvDS=e. ft (GHz)

elz‘::_gm[l] .lookup( | GM', ID W=id[i]/w[i], L=1[i], VDS=e. gm_gds 277 NgSpice:
gm id{i] = p.lookup(‘GM IB*, ID W=idf[i]/w[il. L=1[il) gm (uS) (92.36u, 112.4u, 34.68)
gm_cggl[i] .lookup( ' GV ID W=id[i]/w[i], L=1[i]) gds (uS)
gm_cdd[i] .lookup( 'GM ', ID_W=id[i]/w[i], L=1[i])
gm_cgd[i] = p.lookup(’GM _CGD', ID W=id[i]/w[i], L=1[i]) cgg (fF)
gm_gds[i] .lookup( ' GM ', ID W=id[i]/w[i], L=1[i]) cdd (fF)
sth_gm[i] .lookup('ST M', ID W=id[i]/w[i], L=1[i]) cgd (fF)

gm_id (S/A)

= id*gm_id gamma
gds = gm/gm_gds
cgg = gm/gm_cgg
cdd gm/gm_cgg
cgd gm/gm_cgd
gamma = sth_gm/(4*sc.Boltzmann*T)

(Memo to self: Would be nice to have a lookup function that also lets you vectorize n/p (no “if/else”)

\
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Comparison of Intrinsic Gain: nfet_01v8 Ivt and pfet 01v8

nfet 01v8 Ivt, Vps=0.9, Vsp=0 pfet_01v8, Vps=0.9, Vsg=0
- — L
— 015 ' Aﬁ ~~ — 015
. / .
10% 5 e 1034 | - N —— 0.16
— 017 : s —
: T — 0.18
— 0,19 — 0.19
— 7 |
2 ] 0.2 - | ‘ —_ 0.2
‘ ‘ — > ‘ _/_‘ e o
> fr— .
o] 102 _/——f ! ! ! ! ! \ — 04 2’ 2 = i — —_—
4 : : o 10 j — 0.4
E’ ] A',,,»“""' = | 0.5 > > - — 05
E ] 3 S e —— 3
> 2 e | — 06 S 7 — 06
/ , | 3 0.7 — 0.7
% 0.8 : ‘ = i 708
///.’— — 0.9 | — 0.9
0ty | | | | | | | — 10 10! | I
! — 2.0 — 2.0
— 3.0 — 3.0
50 75 100 125 150 17.5 200 225 25.0 50 75 100 125 15.0 17.5 200 225 25.0
gmllp (S/A) 9m/Ip (S/A)

» Bottom line: | don’t trust the pfet_01v8 models for gm/gOIS (has implications for sizing script)
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Baselining Notebook (baseline_ota-5t.ipynb): AC Parameters

e = gm[1]/(gds[1]+gds[2]) Ngspice:
A0 — 50.208
UGF (MHz) — 17.141
cltot = cl + cdd[1] + cdd[2]
UGF = gm[1]/cltot/2/np.pi PM (deg) 87.41
Noise (uVrms) —— 11415
fp2 = gm _cgg[2]/2/np.pi
phip2 = -np.arctan(UGF/fp2)*180/np.pi Vakie
fz2 = 2*fp2
phiz2 = +np.arctan(UGF/fz2)*180/np.pi fp2 (MHz)  524.04
fz3 = gm[1]/cgd[1]/2/np.pi f22 (MHz) 1048.08
phiz3 = -E?-arctirj(UGF/:%B)*lse/np-pi fz3 (MHz) 3654.91 Phase breakdown
PM= 9@ +phip2 +ph1iz2 +phiz3 . .
phip2 (deg)  -1.88 for PM calculation

phiz2 (deg) 0.94

NOI = ( gamma[l]*(1+2*gamma[2]/gamma[1l]) * sc.Boltzmann*T/cltot)**0.5 phiz2 (deg) 027

» Some learnings from baselining effort
= RHP zero insignificant for PM, neglect in sizing script (and perhaps also LHP zero, which gives ~half the phase of pole)
= Device caps do not matter much for total integrated noise (due to large required load cap); neglect in sizing script

\ -




Going From Forward to Inverse Problem

» Forward baselining is typically doable

= Thousands of textbook pages available
= Mapping fromW, L, ... ==> A0, UGF, ...

» Going the inverse route using equations is usually more difficult

= And may not always be impossible
= Mapping from A0, UGF==>W, L, ...

» Some options

= Knowledge-based design: Insist on “untangling” and inverting the equations as much as possible
Jespers & Murmann, 2017

= Forward evaluation: Don’t invert and map out the tradeoff space numerically
Youssef et al., IEEE Access, 2020

€ w
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Forward Evaluation

10" .
a, ., .

Expert Designer
and/or
Symbolic Solver

Vectorized | |.... < B :
Evaluation of E 400F o
Design _m Pt
/. Amay of Z> Metrics E::
Design Points .‘

4

Design Points
O PM>45°
> PM>45°&A >70dB

PM=>45"&A >80dB

becccccncccncecaad

d oy . " " M iaal
10’ 102 10°
GBW (MHz)

[Youssef et al., IEEE Access, 2020]

» Forward-sweep through design space and look for pareto fronts

107 s

» No simulator (just table look-up) in the loop ==> Fast

» Additionally learn something about the design from setting up the equations and
calibrating against SPICE!

\. : ,




Knowledge-Based Design for Our Example

» Pick channel lengths to satisfy open-loop gain spec
= This sets the non-dominant pole of the amplifier (and the excess thermal noise factors vy)

» Calculate load capacitance based on noise specification
= Determines how much g_ we need for a certain UGF

»  Compute maximum possible UGF based on nondominant pole and PM spec
= Can now directly compute g

»  What sets the g /I choices in this design?
= Nothing! We weren’t given any relevant constraints

= This goes in the category of “design choices”
Pick (g_/1,), = 20 S/A ==> Power efficient, at the cost of large gate capacitance
= Pick (gm/ID)2 =10 S/A ==> Lower noise from mirror, higher non-dominant pole (and models are broken for higher values!)

=  What will an “Al” algorithm do with such “free” variables?

\. : W
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Sizing Notebook (sizing _ota-5t.ipynb)

Specifications

T=300; A©=30; PM=80; NOI=50e-6
v/ 00s

Design choices

gm_id = np.zeros(3)
gm_id[1] = 20
gm2_gml = 6.5
gm _id[2] = gm2_gml*gm id[1]
gm_id[e] = gm _id[1]

v/ 00s




Sizing Notebook (sizing _ota-5t.ipynb)

Sizing and benchmarking

gm_gdsl = 2*A®

1 vecl = n_mat['nfet_©1v8 1lvt']['L'].flatten()[0O]

gm gds _vecl = n.lookup('GM GDS', GM_ID=gm _id[1], L=1_vecl, VDS=0.3)

1 _indexl = next(x for x, val in enumerate(gm_gds_vecl) if val > gm_gdsl)
1l = np.zeros(3)

1[1]=1_vecl[1l_index1]

1[e]=1[1]

1[2]=1[1]

gamma = np.zeros(3)

gamma[1] n.lookup('STH_GM', GM_ID=gm_id[1], L=1[1])/(4*sc.Boltzmann*T)

gamma[2] = p.lookup('STH_GM', GM_ID=gm_id[2], L=1[2])/(4*sc.Boltzmann*T)
= 1.2*gamma[1]*(1+2*gamma[2]/gamma[1]) * sc.Boltzmann*T/NOI**2




Sizing Notebook (sizing_ota-5t-buf.ipynb)

MO M1

fp2 = 0.5*%p.lookup('GM_CGG', GM_ID=gm_id[2], L=1[2])/2/np.pi
w (um) 485.62

phi = 90-PM
fp2_UGF = 1/np.tan(phi/180*np.pi) | (um) 0.60
UGF = fp2/fp2_UGF

p2/fp2_ nf  98.00

gamma 0.00

gm = np.zeros(3)
gm[1] = UGF*cl*2*np.pi
cl (pF)
i S e - UGF (MHz)
ib = 2*gm[1]/gm_id[1]
id = ib*np.array([1, 0.5, ©.5]) ib (uUA)
W = np.zeros(3)
w[e] = id[@]/n.lookup('ID_W', GM_ID=gm_id[e], L=1[@])
w[1] id[1]/n.lookup('ID_W', GM _ID=gm id[1], L=1[1])
w[2] = id[2]/p.lookup('ID W', GM_ID=gm_id[2], L=1[2])
wfing = 5
nf = 1+np.floor_divide(w, wfing)




Simulation Results for Sized Circuit A

Vout db20() Vout_buf db20() onoise_spectrum

| f 10n
20 | = :

1In
0
100p-
-201 16
-40- 1p
10k M 100M 10G 10k M 100M 10G
frequency frequency
ph(Vout) onoise_spectrum 2 ** integ() sqrt()
i s

A0: 55.289 40U
50, UGF: 77.309M /- [NOI: 48.183u
PM: 83.185 304

-100 k\\\\\\\ 20u //////

-150 \\\\ 10u B
1 \R\\ O /_/—/——,_//
10k M 100M 10G 10k M 100M 10G
frequency frequency

» AO, PM, NOI spec met with some margin (as expected)
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Phases of a Typical Design Flow —
v (v)  asmnme

Info from

: . Final circuit
previous Elaboration and layout
slide
» Pick topology candidates (search » Determine “near-optimum » Check for all required
space is huge) sizing” for the chosen design(s) specs & corner conditions,
» Develop complete list of specs, » Often work with nominal specs ultimately post-layout
bounds and design choices that must and conditions, but may want » Must typically revisit
be obeyed (topology dependent) to consider the perceived elaboration phase (or

“worst case” in parallel (you inception phase!)

» Assess feasibility and “try” the most ; -1 )
won’t really know until sign-off)

promising design(s) to fully
understand the design problem
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& CACE

Circuit Automatic Characterization Engine

License Apache 2.0 § {) CI 'passing @ Python 3.8 || code style blue

s Community |Open Source Silicon Slack

CACE is a framework for analog and mixed-signal circuits that enables automatic characterization under various
conditions and with Monte Carlo and mismatch analysis. After all parameters have been run under the given
conditions, CACE will generate a summary showing the circuit performance.

https://qithub.com/efabless/cace
https://cace.readthedocs.io/en/latest/index.html

Maintained by Leo Moser, Tim Edwards et al.

\. : W



https://github.com/efabless/cace
https://cace.readthedocs.io/en/latest/index.html

—\

CACE YAML file




“Templates” for CACE AC and NOISE Simulations

VSS

7

< GND

<> GND

VDD
VDDT
Vp IR
VP A
A = x
> SN
ota-St-buf/out
Vn 220
Vn//l
VSS
Vp A
H —-——=a -
CYZNN I\
os\|/ - N\ os
GND
+ +
=, vdm 7T vem
| { )
4 acl et CACE{vcm}

Vout

SETUP

.1ib CACE{PDK ROOT}/CACE{PDK}/libs.tech/ngspice/sky130.1lib.spice CACE{corner}
.include CACE{DUT path}

.include /foss/designs/Chipathon2024/ota-5t-buf/xschem/sizing ota-5t-buf.spice
.temp CACE{temperature}

CONTROL

.control

ac dec 20 1k 100e6
let vout mag = abs(v(Vout))

let vout phase margin = phase(v(Vout)) * 180/pi + 180

meas
meas
meas
echo

.endc

ac A0 find vout mag at=1k

ac UGF when vout mag=1 fall=1

ac PM find vout phase margin when vout mag=1

$&A0 $&ugf $&PM > CACE{simpath}/CACE{filename} CACE{N}.data

SETUP

.lib CACE{PDK ROOT}/CACE{PDK}/libs.tech/ngspice/sky130.lib.spice CACE{corner}
.include CACE{DUT path}

.include /foss/designs/Chipathon2024/ota-5t-buf/xschem/sizing ota-5t-buf.spice
.temp CACE{temperature}

31

& ‘\§
B\
Vg \vss

o

e Vp

)
- dc CACE{vcm} ac 1

LGnD

VDD CONTROL
Vp e
P §‘~\\x1 .control
0m5bm¢®g> Vout noise v(Vout) Vp dec 20 1k 100e9

setplot noise2

let NOI = onoise total/le-6

echo $&NOI > CACE{simpath}/CACE{filename} CACE{N}.data
.endc




Summary after 3 x 3 x 3 = 27 simulations

Done with CACE simulations and evaluations in 0:00:46.

CACE Summary for ota-5t-buf

netlist source: schematic

Parameter Tool Result Min Limit Min Value Typ Target Typ Value Max Limit Max Value Status

Open-loop DC voltage gain ngspice ao 30 V/V 35.115 V/V any 55.289 V/V any 60.471 V/V Pass
Open-loop unity gain frequency ngspice ugf any 63.251 MHz any 77.309 MHz any 88.408 MHz Pass
Unity gain phase margin ngspice pm 80 ° 82.656 ° any 83.329 * any 83.855 ° Pass
Total integrated output noise ngspice noi any 40.185 uVrms any 48.148 uVrms 50 uVrms 58.566 uVrms Fail X

» Noise spec not met in some corner(s) [| Can look at detailed CACE report
» Can then tweak sizing script for more margin (or change sizing script to worst corner)




CACE Datasheet Output

33

ota-5t-buf

o Description: A simple buffer using a 5-transistor OTA

® PDK: sky130A

Authorship

Designer: Boris Murmann

Company: University of Hawaii
Created: August 19, 2024

License: Apache 2.0

Last modified: None
Pins

e VDD
o Description: Positive analog power supply

o Type: power

o Direction: inout
o Vmin: 1.7

o Vmax: 1.9

e VSS
o Description: Analog ground

o Type: ground
o Direction: inout

e Vp

o

Description: Voltage positive input

(e}

Type: signal

o

Direction: input

o

Description: Voltage negative input
o Type: signal
o Direction: input
e \Vout
o Description: Voltage output
o Type: signal

o Direction: output

Default Conditions

o000

s 000

°

Symbol

Schematic

CACE Summary for ota-5t-buf

netlist source: schematic

Min
Parameter Tool Result
Limit
Open-loop DC voitage
PLCVORagE | 1gspice | 20 30 VAV
gain
Open-loop unity gain A = —
frequency S| -
Unity gain phase 80°
ngspice | pm 80
margin
Total integrated output
ngspice | no any
noise b ik
Plots

gain_vs_corner

Min Value

Open-loop DC voltage gain (V)
&
&

2
8

s t

Corner

ugf_vs_corner

1e7

®
o

Open-loop unity gain frequency (MHz)

Corner

|

—— temperature

—— temperatur
—— temperature
—— temperatur
—— temperature

—— temperature

T M
P Typ Value o

Target Limit

40, vdd = 1.7
temperature = 27, vdd = 1

—— temperature = 130, vdd = 1.7
—— temperature = -40, vdd = 1.8
—— temperature = 27, vdd = 1.8
—— temperature = 130, vdd = 1.8

temperature = -40, vdd = 1.9

— temperature = 27, vdd = 1.9

temperature = 130, vdd = 1.9

— temperature = -40, vdd = 1.7

temperatur

30, vdd = 1.8
40, vdd = 1.9
7,vdd = 1.9
temperature = 130, vdd = 1.9

temperature

Max Value

Status




Noise Across All Sweeps

-TR- B

55.0 A

52.5 1

S

47.5 1

45.0 A

Total integrated output noise (uvVrms)

42.5 A

40.0 A

T T

-40 27 130
Temp (°C)

corner = ss, vdd = 1.7
corner = tt, vdd = 1.7
corner = ff, vdd = 1.7
corner = ss, vdd = 1.8
corner = tt, vdd = 1.8
corner = ff, vdd = 1.8
corner = ss, vdd = 1.9
corner = tt, vdd = 1.9
corner = ff, vdd = 1.9







