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Agenda

o Sampled data systems

0 Brief explanation and usage of PAC/PXF analyses in
SpectreRF

0o PNOISE Analysis
a Simulation Examples

= Simple S/H
=  Switch capacitor buffer
= T/R
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SpectreRF Analyses
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PSS — Periodic Steady State Analysis

PAC — Periodic AC Analysis

PSTB — Periodic Stability Analysis

PXF — Periodic Transfer Function

PNoise — Periodic Noise Analysis

PDist — Periodic Harmonic Distortion Analysis
QPSS?



PSS Analysis

0 Periodic Steady-State Analysis

o PSS calculates the period operating point
= Required for other small-signal analyses (PAC, PXF, PNoise)
=  Only clock is applied, transient input disabled

o PSS Cadence parameters
= harmonics specifies requested output harmonics to be viewed

= maxacfreq Is an accuracy parameter that specifies the maximum
frequency that will be used in any subsequent small-signal analyses
(4xharmonics by default)

n Recommended formula;

fstop is maximum frequency of PAC/PXF/etc. sweep range
maxsideband specified in PAC/PXF/etc.
fs is clock frequency
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SpectreRF Analysis Forms

Periodic Steady State Analysis

Fundamental Tones

# Name Expr Value Signal SrcId
1 1/¢10n-0y 100M Large v
3 1/{10n-0) 100M Large i)
2 1/(10n-0y 100K Large vag
I Large

Clearffdd Delete Update From Schematic

# Beat Frequency

i 100K Auto Calculate
Beat Period

Qutput harmonics
Humber of hanmonics i

fccuracy Defaults (errpreset)

H conservative moderate liberal

Additional Time for Stabilization (tstah)

Save Initial Transient Results (saveinit) | no yes

Oscillator

Sweep

Enabled W
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TIME STEP PARAMETERS
step
maxstep

INITIAL CONDITION PARAMETERS

ic dc node dev all
skipdc yes no sigrampup
readic

CONVERGENCE PARAMETERS
readns

cmin

STATE FILE PARAMETERS
write

writefinal

swapfile

wrilepss

readpss

checkpss yes no

INTEGRATION METHOD PARAMETERS

method euler trap traponly
gear2 gearZonly

tstabmethod euler trap traponly
gearz gearZonly

ACCURACY PARAMETERS

relref pointlocal alllocal sigglobal allglobal
Iteratio

steadyratio

maxacfreq  |4ed

maxperiods
finitedift yes refine no
highorder yes no



PAC Analysis

a Periodic AC Analysis

o PAC “computes the output signal at every node and every
sideband given a single input™1
= Creates a mapping between an input freq range and each resulting
output freq range due to modulation

= Use PAC to find how an interesting input frequency is modulated
and attenuated to resulting frequencies at the output

o PAC Cadence parameters
=  Specified sweep frequency is the INPUT frequency range

» maxsideband determines the number of output frequency bands
calculated by Cadence to which the input range is modulated

= Set pacmagnitude in source to 1V
= Can choose any circuit node as PAC output
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PAC Analysis

Feriodic AC FResponse

—— SH_owut tharmonic=-4 . 00e+00) — ZH_out tharmonic=-Z.00e+00)
— SH_owut tharmonic=-2.00e+00) —— SZH_out ftharmonic=-1.00e+00)

i 2éH_-D-I..lt (harmonic=0.00e400} SH_out fharmonic=1_00e+00}

M agfir] i)
in
L

00 400 500
fregq (MHz)

o  Sweeping PAC input frequency from 0 = fs/2 shows the modulation of
the input signal baseband into all of the specified output bands
...perfect for nyquist band limited input signals

QO  Sweeping past fs/2 shows the modulation of higher input signal bands
Into all of the specified output bands
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PXF Analysis

a Periodic Transfer Function Analysis

o  PXF “computes the transfer function from every input
source at every sideband to a single output™

= Creates mapping between a particular output frequency and the
combination of modulated input frequencies that compose it

= Use PXF to find the input frequency composition of an interesting
output frequency

0 PXF Cadence parameters
=  Specified sweep frequency is the OUTPUT frequency range

= maxsideband specifies the number of input frequency bands
calculated by Cadence that are modulated into the output frequency
range

=  Set specific output node in analysis form

= Can choose any source in the circuit to view XF to the output
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PXF Analysis

Periodic XF Response
— W1 (harmanic=-4.00e+00) — V1 tharmanic=-2.00e+00)
— W1 (harmanic=-2.00e+00) —— 1 (harmonic=-1_00e+00)
i ng'l (tharmanic=0.00e+00) w1l tharmonic=1.00e+00)
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[SEES/SeEs EEESy

i} 100 200 300 400 500
freq (MHz)

Magi ] O i)
w
[ ]
|

o  Sweeping PXF from 0 - fs/2 shows how all of the chosen input
frequency bands modulate into the output baseband

Q Each color curve segment represents the output baseband where the
starting harmonic is DC
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PXF Analysis

Feriodic XF Rezponze

— W1 tharmonic=-4 . 00e+00) — W1l tharmonic=-3.00e+00}
— W1 tharmonic=-2.00e+00) — W1 tharmonic=-1.00e+00}
i 2é.l'l (tharmonic=0.00e+00) Wl (harmonpic=1 . 00e+00)

NVANVANVARYA

ALA LA LA

LED ]

1} 1an0 200 400 500 k00

200
freq (MHz)

»  Sweeping PXF past fs/2 shows how the specified input frequency
bands modulate into higher output bands
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Comment About PAC/PXF Sweep Type

Q Previous results have been plotted for linear sweeps

Q Logarithmic sweeps refer all waveforms into frequency sweep range:
. PAC — all output sidebands are shown as folded into the input frequency
sweep range. Output signal frequency information not shown.
. PXF — input sideband contributions are folded into output frequency sweep
range. Information relating contributions to input frequencies not shown.

Q Example: PAC linear sweep (left), log sweep (right, changed to lin

. )
Periodic AC Response Periadic AC Response
—~ SH_out tharmonic=-4.00e+00) - out J — SH_out tharmonic=-4.00e+00) —~ SH_out tharmonic=-32.00e+00)
—~ SH_out tharmonic=-2.00e+00) —~ SH_out tharmonic=-1.00e+00) —~ SH_out tharmonic=-2.00e+00) — SH_out tharmonic=-1.00e+00)
{ ZéH_out tharmonic=0.00e+00; 3 SH_out tharmonic=1.00e+00, 3 { 2éH_\:lu( tharmonic=0.00e+00; 3 SH_out tharmonic=1.00e+00; 3
1.0 1.0 —
75
s N £ o
=3 g
o o
% \ 3 T
s , /
/ ——— e
]
p—
e T e e
0 \ "‘\ o - " =
25 -.25
freq (MHz) freq (MHz)
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PXF vs PAC

PAC

| kKnow my input signal, how does this become my output
signal?

PXF

| kKnow my output signal, how does this come from my input
signal?
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SpectreRF PAC/PXF Analysis Forms

Periodic XF Analysis

Periodic AC Analysis
RS Head Fremeany (s | 1004

FRE Head Fremmnny (Hey | 100

Sweeptype Sweep is Currently Absolute
Sweeptype Sweep is Currently Ahsolute Frequency Sweop Range (Hz)

Frequency Sweep Range (Hz) Start-Stop start 100 Stop Y

Start-Sto 10 Slef
£ Start 1 Stop = Sweep Type ]

Step Size 100d

Sweep Type Sten Si Linear # Humber of Steps
p Size 1006
Linear # Number of Steps

Add Specific Points

Add Specific Points

Sidebands
i Maximum sideband 4
Sidebands
Mazimum sideband 4
Output
Specialized Analyses & voltage Positive Output Node | /SH_out Select
probe Hegative Output Node vsg Select
Enabled Options... Modulated Analysis
Enahbled Options...

© Vishal Saxena




PNOISE Analysis

o Simulation of noise in sampled circuits

a Example: Switch-C circuit
= Here an NMOS switch with C=1pF, f ,,=10MHz

a Setup PSS analysis for the f,,=10MHz clock
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PNOISE Analysis

-]

Analysis o tran i do W ac — hoise

File Edit ¥iew Design kanag 5 SEE AEEED sth
ug2012.
P . o vpz Wwsp WUenvip W P33
Virtuoso ® Analog Design Envi o pac o psth @ pnoise o pef
Launch File Edit Miew Create Check Options Migrate Window Calib w PR o gpss o gpac — fpnoise

gt gpsp

™ %F@M%OLJ&@ %%L

Ferindic Moise Analysis

F355 Beat Freguency (Hz)  10M

Session Setup  Analyses  Wariahles Outputs  Simulation Results Tools Help cadence

tion| .
— Status: Ready T=27 C  Simulator: spectre State: Sweeptype  default n Sweep is Currently Absolute
— | DEsiE YeetEs IS E#% Cutput Frequency Sweep Range (Hz)
! e Walug Type ~ Enable Arguments .
CRTR) | e -
<ol |y voD 12 B [ ~ 4 d W . stat-stop B stat 1 Stop 106

2 fs 10m 2 pac i 31K1G e
sions | [3 tr 100p 3 pss v 108 1 s Trans Sueep Type
- gt 100p d tran ad 01u L @ automatic n
N 5 C1 1p g 11} o e ——

B _| Outputs "rg..

Mame/Signal/Expr  ~ Yalue FPlot Save  Save Options st Add Specific Points

allw

1 wout

Z output noise; ¥ 2/ Hz  wave Idehands

e Sy 3 v svout; pac dB20(V) e Maximum sideband n
:d Mo —

ferry
hd ~ B
3 s — e

b 4

4 i - Plotting mode:  Replace n Output —
. . . . . Fositive Cutput Mode Swout Select
= Results in Ampisimulationsvsax<ena/RC_noisesspectre/schematic voltage —_—
105 | Moise Summary .. - Megative Output Mode  /gnd! Select
AC phase
XF magnit.. Input Source
PAC magni.. 1% voltage Input Yoltage Source VG Select
FAC pirase eoied —-n e
Deizy Hme
et voita.. Reference side-band
Arritiice ?
il phas.. M.n 1
Freguency -

0 Include sufficient number of maxsideband for accuracy




PNOISE Analysis

Expressions .
— output noise; W2 f Hz i Results Display Window = [[E| [
125 Windomw  Expressions  Info Help cadence
Device Foian Modee Contribution % 0f Total
100 NG
ST id 8. 84286e-05 7.8
) s S | 3.38039e-05 11.11
oors o AT ) g a1 P 11.11
ol .
§ Integrated Noise Summary (in V) Sorted By MNoilse Contributors
= Total Summarized Noilse = 0000101402
o 50.04 Total Input Referred Woise = 0.00037664
= The showve noise summary info is for pnoise data
25,04
RolaTale] T T T T T
10° 10% 10° 10° 107 108 10?
[1.6763MHz [ 1.1107E-16 freq (H2)

a Simulation shows 89uV of output RMS noise
= |deal V(KT/C) value =64uV,
= Simulation results close to the approximation of V(kT/C)




PNOISE Analysis

30 nV/VHz | 'Uii }
100 —=
25 nVAHzL 50—
20) —&=
20 nV/VHz |
10 ==
15 nV/vHz | _
5 =
10 nV/Hz |
5naV/Hz L
0 V/Hz L '
0 Hz [ MHz 7. MHzZ I MHz I MHz

a  Accuracy is tightened by using large number of maxsideband
parameter

= Determines how many sideband alias into the given band
» Trades-off simulation time with accuracy
o For analytical details, refer to:
http://www.designers-guide.org/analysis/sc-filters.pdf
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Sampled Signal Analysis

« A Sample and hold (S/H) is analyzed in the time domain as an ideal
sampler in cascade with a zero-order hold (ZOH)

Vg =Vg *ZOH = (v, -v, )*ZOH

o ] wolt)= 3 olt-KT)
k=—o0

Vb

* The ideally sampled signal v¢(t) is obtained by multiplying input with
periodic pulse train

Va(D) V(1) vs(D)

o b =] 1,

T, 2T, 3T, 4T,
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Sampled Signal Analysis

» The frequency spectrum of the impulse train is found from the fourier
transform of the fourier series representation

o0 o0 o0

Volt)= S5t —kT)= 3 Zert oy (f)= 3 f,-5(f —nf,)

k=—o0 n=-—oo g n=—o0

 Multiplying with pulse train in time domain - convolving with pulse
train in frequency domain

fo1
S -I-s

Va(F)) Vo()] Vs (F)l £V, (F)
N B -y
. L1111 = A
f — f, f. 2f, 3f f 2f,

© Vishal Saxena




Sampled Signal Analysis

* The S/H output is found by convolving v¢(t) with the cascaded ZOH
Impulse response (a unit pulse, a fraction of the sampling period)

vg(t) vg(t) l =m Vey(t)

LR =

S
| =
T T

I

« Convolving with ZOH in time domain - multiplying with sinc in
frequency domain

fV,(F)
IV, () \ | ZOH(f [Vsu ()]

b g A ) =

S S

ZOH f =mT, -sinc mi
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Sampled Signal Analysis

* Result is the baseband filtered by the sinc main lobe, plus frequency
periodic baseband replicas filtered by the sinc side lobes

Vg, (f)=mT, -sinc,{mfij- i fo-V.(f —nf )= msinc{mfij ivs(f —nf,)

N=—o0 s /N=—©

« Shape of sinc function (and filtering of spectrum) depends on S/H
duty cycle (m)
* m<<1: sinc is wide but short, attenuation but little shaping of
baseband or near images
* m=1: sinc thin and tall, significant shaping of baseband and
images, zeros at f =nf,

|VSH(f )|m<<1

Vs
MM / \ VAR
M<<1 fS s M=1 fs 2f5

)l
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Sampled Signal Analysis

0 Sampling into the digital domain (A/D converter) acts as an ideally sampled
system and replicates the spectrum at all clock harmonics

Q Any spectrum energy outside of the Nyquist range gets folded/aliased into
baseband

0 SNR need be considered only within f=0->fs/2 because spectrum is symmetric
about DC and repeats every fs (DTFT)
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PXF/PAC Analyses for Basic Applications

0 ldeal Sample and Hold (S/H)
o RC Band-limited S/H

o  Switch Capacitor (SC) Buffer
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ldeal Sample and Hold (S/H)

Vo <$—L O LV
| |

Tranzieht Rezponse

— UT{ S EH_out?
1.2534 T I I

1.0

..'f""*:

W Q)

1] 25.0 50.0 £5.0 100
time (ns)
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Expectation: Ideal S/H

Vo <$—L O LV
| |

« Assume a unity, nyquist band-limited input
* Like a input band limited AC analysis (like a PAC)

|vAl(f)| Vo ()] Vs (F)] o
: * | _ | |
| I I
f, f, —f, f. 2f 3f, f. 2f
2
V() |ZOH(f)| [Veu ()]
T X e = 0
f 2 f f. 2f
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PAC: Ideal S/H

« Sweep from 0—>f/2: only looking at how input baseband
modulates into other bands

* AC input is unity over all frequencies, therefore output is the sinc

shaping of the modulated input baseband

Periodic AC Responsze

— SH_out tharmonic=-4 00e+00)
— SH_out tharmonic=-2.00e+ 00}
i 2éH_-:-ut tharmonic=0.00e+00)

— SH_out tharmanic=-3.00e+00)
— SH_out (tharmonic=-1.00e+00)
SH_out tharmonic=1 .00e+00)

1.0

W agr) )

- 75

] «— Ooutputs deband
Fo
5] +1
] \ 22 +3 4| +4
0 T
0 Cion 200 300 400 " s0n
freq (M Hz)

R

F., =100 MHz

PSS beat freq=100M autocalculated
maxacfreq=default

PAC input frequency range
(100Hz , f/2=50MHz),

linear sweep, 1000 steps

maxsideband=4
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PXF: Ideal S/H

Magdd rwl O )

» Sweep from 0>f/2: only looking at how input frequencies
modulate into the output baseband
* Resulting curves only show output baseband shaping (main lobe

of sinc)
. Vin () I D () Vo
Periodic XF Response 1 2
— U1 (harmonic=-4. 00e+00) — W1 tharmonic=-3.00e+00) I I

— W1 (harmonic=-2.00e+00) — W1 tharman ic=-1.00e+00)
l_u,'y'l tharm onic=0.00e+00) W1l tharmonic=1.00e+00)
] F.=100 MHz
1.0
_ / / / PSS beat freq=100M autocalculated
95 ;[ }[ ‘1 1[ { maxac?r?qu:ic(lefault PR
* 0 fl +1 ffz ij ‘([ 3143 f[.4 +4 PXF output frequency range (100,50M)
8 linear sweep, 1000 steps
? fl f \L Jt f maxsideband=4
L0y #
RESISSESIESES S8ES
E

0 100 200 300 400 500
freq (MHz)
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PAC: RC limited S/H

» Baseband input should modulate to output bands similarly to ideal case
If RC constant designed correctly (PAC)

« S/H now has limiting bandwidth, so higher input frequencies will
attenuate when modulating into output baseband (PXF)

» Set 1/RC = 2*pi*f,, *7 => 700 MHz: C=1pF, R~230 ohms, W/L=9u/.18u
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PXF: RC limited S/H

» Baseband input should modulate to output bands similarly to ideal case
If RC constant designed correctly (PAC)

o e —-a. 00 01 o harm a1 000001 F.=100 MHz

1.2,§H_out(harmonic=0.00e+003 SH_out tharmonic=1.00e+00})

PSS beat freq=100M autocalculated

maxacfreq=default
: y
5 \ PAC input frequency range

N - - (100Hz ,50MHz), /2
’ linear sweep, 1000 steps
-'2:0 100 200 200 400 500 ma-XSIdeband:4
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SC Buffer

* |deal switches, no resistance T

* Ideal OpAmp, no BW limit _,/,f)z oA NN ©
« Sinc shaping slightly off due to reduction e P

of duty cycle for non-overlapping phases &%, *

ZOH(f)=mT, -sinc{mfij

S q)1
Feriodic AC Response Feriodic ¥F Rezponsze

— W1l tharmonic=-<4 _00e+00)

—— out_diff (harmonic=-4.00e+00) — W1 fharm ic=-2.00e+00%

— out_diff tharmonic=-2.00e+00 )] —— W1 fharm i -2 b
DEut_ tharmaonic=-2.00e+00) 420
] ]

400 i Y

N L

Magiy) (mi]
S
[}
Mg ) mi i)
L
n
[}
'_ll—n.—‘_'_
""""‘-h—q.-\.*.
M‘*‘hw
'h—.p-\.,.,_'_'_*_h_‘-
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SC Buffer

 |deal switches with resistance
* Ideal OpAmp, no BW limit

Feriodic AC Response

— out_diff tharmonic=-4 00e+00)¢0) — out_diff tharmonic=-3.00e+001(1)
— out_diff tharmonic=-2.00e+00)(2) — out_diff tharmonic=-1.00e+003(2)
Suﬁuut_diﬁliharmu:-ni-::lil.EIEIe+EIIJ:n:4:l out_diff tharmonic=1 . 00e+003(5)
400\
200.] \ No Resistance |
= \ /
E .
= 200
= .
=
100- e
o] /
] Added Resistance
I 1an 200 200 400 500
fregq (MHz)

Adding the switch resistance of the SC Buffer: PAC
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SC Buffer

 |deal switches with resistance
* Ideal OpAmp with limited BW

Feriodic AC Responsze Feriodic XF Responsze

) ) — W1 (harmonic=-4. 00e+000{0} - V1 (harmonic=-3.00e+00)(1)
~ out_diff tharmonic=-4.00e+00)(0) ~ 1 (harmonic=-2.00e+0002)  — W1 fharmohic=-1.00e+00}(3)
— out_diff (harmonic=-3.00e+00)(1) W1 tharmonic=0.00e+00) 04 W1 tharmonic=1.00e+00)(5)

ﬁﬁuut_diﬁ tharmonic=-2.00e+00)(2)

450

400
400+
] 250
300 ]
4 E J
E _ Emu-:—
= 200 = /’ i
= i = 1 T—
= 5250
=

100

W} 2uné v-"" \

150

a0 100

a 100 200 200 400 500 0 100 200 300 400 500
freq (MHz) freq (MHz)

Reducing the BW of the SC Buffer OpAmp: PAC (left) PXF (right)
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Track and Reset

* Ideal track and reset:
» Analyzed as input multiplied by pulse train
* Result is passband modulated by pulse train tones
* No resistance yields no shaping in bands
* Pulse train tones off due to non-overlapping clocks
 PAC and PXF look identical

Periodic AC Response

— Wo tharmonic=-4.00e+00) — Wo tharmonic=-3.00e+00)
— Wo tharmonic=-2.00e+00) — Wo tharmonic=-1.00e+00)
EEIEIUID tharmonic=0.00e+00) Wo tharmonic=1.00e+00)
5004 / ~112
400 g
=]
E ] .
300 i - [~1Ipi
= ]
™
a2 1 /
200
] x ~1/3pi
Lon] /
] |
T
|

] 100 0o 200 400 S00
freq (MHz)
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Track and Reset

* Real track and reset:
 Added switch resistances (R=1k, C=1p) }’_‘Dz
* Results in shaped, modulated passbands
* PAC: modulation from input passband into output sidebands
* PXF: modulation from input sidebands into output passband

Periodic AC Response Feriodic XF Response

) — U1 tharmonic=-4.00e+00) — W1 tharmonic=-2.00:+00)
~ Vo tharmonic=-4.00e+00) ~ W1 tharmonic=-2.00e+00) — ¥1 (harmonic=-1.00e+00}
— Wo tharmonic=-3.00e+00) W1 tharmonic=0.00e+00) W1 tharmonic=1.00e+00)

E—ﬁ-ﬂ'u'u:- tharmonic=-2.00e+00) G
500 SDIJA
400 400
=

= =
E i E e
=300 ~, =300 '\
T 1~ z
= =

] =
200 200
100 100 A

-

a 100 200 200 400 500 ] 100 zon on 400 500
freq (MHz)

freq (M Hz:|3
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Track and Reset

* Real track and reset:
» Excessive resistance (R=10k, C=1p)

Periodic AC Response Periodic XF Respanse

— 1 tharmonic=-4. 00e+00) — W1 tharmonic=-3.00e+00)
— W1 tharmonic=-2.00e+00) — W1 tharmonic=-1.00e+00)
— Wo tharmanic=-3.00e+00) W1 Charmonic=0.00e+00) W1 tharmonic=1.00e+00)

— Wo tharmonic=-4.00e+00)

_E'I_ZIHD tharmonic=-2.00e+00)

Eun1
500 S0l
4004- 400f-
] E i
E 3004— E z00H—
z = |
2 200 = 2oof] A/{
™
o 1
100 1oofd ¥

: A

400 00 a0 i00 2 400 00

200 300 oo 200
freq (MHz) freq (MHz)
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Track and Reset
» Real track and reset: Vi _6'1

« Changing the resistance ratio scales the response
« DC and input clk harmonics modulating to output
scaled by 2R,R,/(R;+R,) from ideal

* R;=10k, R,=1k, C=1p

Periodic AC Respanse Periodic XF Respanse
) ) — W1 tharmonic=-4.00e+00) — W1 tharmonic=-3.00e+00)
— Wo tharmonic=-4 . 00e+00) — Wo tharmonic=-2.00e+00) W1 (harmonic=-2 00e+000 — W1 (harmonic=-1.00e+00)
— Wo tharmonic=-2.00e+00) — Wo tharmonic=-1.00e+00) W1l tharmonic=0.00e+00) W1l tharmonic=1.00e+00;
1?41'0 thatmonic=0.00e+00) Wo (harmanic=1.00e+00) 175
1504 150"—
125 1254 ]
: _ ————__ Harmonics scale
1 = . . .
£ 100 ~ = ccording to resistor ratio |
£ 100 \ = 100 A ’
= =
L=1]
=
2750 575.0
=
50,0 50.0
25.0 25.0
] — T i
: '-ll-...-.._‘—l- | m—
g A |
i} 100 200 300 400 S00 i} 100 200 300 400 S00
freq (MHz) freq (MHz)
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