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A Modern “Analog” Custom IC

" A 2.5 Gb/s CDR for
high speed links
= Analog
amplification and
phase sensing
= Digital
filtering and
calibration
= RF
clock generation
(2.5 GHz)

" How do we design
such chips?
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Simplified View of a Top Down, Mixed-Signal Design Flow

_ High Level
System Design) |nyestigation &
Architecture Analysis

Code Creation
Place & Route

Circuit Design
Analog

Circuit Design
Digital

Schematic Creation

Extracted Layout
Creation

PVT Corners
Monte Carlo

Circuit
Verification
Digital

Circuit
Verification
Analog

Digital Test Vectors
Timing Checks

System
Verification
Circ. & Arch.

System Level
Test Vectors



The Many Simulation Tools Involved ...

Popular Tools
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Goal: Create a Universal Simulator

System Designer
Analog Designer
Digital Designer

Managing
Kernel

N

Verilog
VHDL

" The challenges of developing the Managing Kernel

= Difficult to match up simulator signals at their boundaries
without overly complicating the life of the user

= Difficult to maintain fast simulation speed
= Difficult to retrain designers on a new tool with a new flow



A Different Approach

" Look for commonality among simulators to allow
“universal” simulation models to be used

= C++ provides one such hook

" Allow designers to use their tool of choice while
sharing “universal” simulation models

Verilog
VHDL
C/C++ ﬁ CIC++
PLI Calls C/C++ PLI Calls

(Verilog AMS  Mex functions
& AMS Designer)

‘ Key idea: bootstrap into existing simulators




The VppSim Simulator Greatly Simplifies This Process

(

Entry

C++ primitive
library

Simulation
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\

Cadence Schematic

" Graphically driven generation
of simulator blocks based on a
C++ primitive library

Automatic
wrapper
generation

Verilog a G g Verilog PLI

PLI Calls Mex & Code Gen.

V2
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Designer

{Analog Demgner} {System Designer} { Digital Demgner}



C++ Code Can Also Be Directly Simulated

(

Cadence Schematic

\

Automatic
C++ system
generation

Entry |:>

C++ primitive

> (=)

library
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Simulation |:> wrapper Advantage:
parameter file generation = Very fast!
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Using VppSim Within an Analog Design Flow

( )
Cadence Schematic Automatic
Entry |:> wrapper
generation

C++ primitive

library @

Verilog
PLI Calls
SPICE primitives @
Verilog primitives AMS
Verilog-A primitives E> Designer

VHDL primitives
\. J {Analog Designer}

= C++ behavioral models allow accurate representation of:
= Analog blocks, algorithms, sophisticated signal sources

" Advantages of C++: fast, portable, and easy to template




Using VppSim Within a Digital Design Flow

( A

Cadence Schematic
Entry ':>

Automatic
wrapper
generation

C++ primitive

library &

Simulatiofr)I Verilog
parameter file PLI Calls

U

Verilog primitives |:>

\. J { Digital Designer}

" Allows digital designer to easily leverage models built
by analog designer

" Digital design flow remains unchanged otherwise! 0



Using VppSim within a System Design Flow

a )

Automatic
wrapper

Cadence Schematic |:>
generation

Entry

C++ primitive

library &

Simulation Matlab

parameter file Mex function

U

Matlab functions
and processing
scripts

{System Designer}

" Allows system designer to directly leverage analog
and digital C++ behavioral models developed by the
analog and digital designers

" System design flow is otherwise unchanged!
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An Alternative System Flow

a Y

Automatic
C++ system

Cadence Schematic |:>
generation

Entry

C++ primitive

library @CH code

Simulation
parameter file

G Transient File Signals

Matlab processing
scripts

" CppSim can be used to achieve very fast C++ behavioral
simulation more directly within a graphical framework

" Matlab can be used for sophisticated post-processing
12



Downloading VppSim ...

) MIT High Speed Circuits and Systems Group - Mozilla Firefox
Fie Edit View Go Bookmarks Tools Help &

@ < $ < ﬁ @ @ |TI£ http://vwwnw-mtl.mit.edu/researchgroups/perrottgroup/tools.html lv_]| © Go |@, |
L) Google L Free Hotmail || Windows Marketplace || Windows Media || Windows

http://www-mtl.mit.edu/researchgroups/perrottgroup/tools.htmi
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Can You Accurately Model Complicated Mixed-
Signal Circuits using C++ Behavioral Models?



Focus Area: Phase-Locked Loops

Jutr LA —_— UL
ref(t) e(t) Charge Loop v(t) out(t)
Pump Filter
T VCO
de Bellescize
Onde Electr, Vol. 11
1932

= \VCO m produces variable frequency output
" Reference = provides input frequency/phase
" PFD m compares phase of ref and VCO output
" Charge pump = simplifies loop filter implementation
" Loop filter = smooths PFD signal

Objective: “Lock” VCO phase to reference phase
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Integer-N Frequency Synthesizer

I:ref I:out =N- I:ref
Juwr L
ref{(t) . e(t) Charge Loop IL(L@)_OUt(t)
Pump Filter
Lt ,
div(t) | Divider I< Sepe and Johnston

? US Patent 3,551,826

\ 1968 (filing date)

" Leverages frequency divider to create “indirect”
frequency multiplication

= Allows digital adjustment of output frequency in
increments of the reference frequency
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Fractional-N Frequency Synthesis

Fref I:out = M.FeFes

o Aaannnt

ref(t) e(t) [char g e Loop v(t) out(t)
ﬁ Pump Filter ‘
UL T Kingsford-Smith

| I<
. Divider
div(t) | US Patent 3,928,813
1974 (filing date)

e iherind ] e AR e
Modulator M :

" Divide value is dithered between integer values
= Fractional divide values are realized
= Apply Sigma Delta concepts to dithering

‘ Very high frequency resolution!
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PLL Simulation Issues (Behavioral Level)

Jul L — VWA

ref(t) e(t) [ch arg e Loop v(t) out(t)
Pump Filter

%)T I Divider |<

Nl = N M T
Modulator M

" Slow simulation time

= High output frequency m High sample rate

= Long time constants ®) Long time span for transients
" Inaccurate results

= PFD output information conveyed in pulses
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Classical Constant-Time Step Method

oo

ref(t) . e(t)

LLE

(Johns and Martin,

Sample Period = T

Analog Integrated Circuit Design)

" Directly sample the PFD output according to the
simulation sample period

= Simple, fast, readily implemented in Matlab, Verilog, C++

" |ssue — quantization noise is introduced

= This noise overwhelms the PLL noise sources we are

trying to simulate
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Proposed Approach: View as Series of Pulses

e(t)
-

e[n]

h(t)

I~

Loop Filter
¥

h[n] = Ts-h(Tsn)

JJHJJJJJJmLL
H
n

Loop Filter

" Area of each pulse set by edge locations

" Key observations:

= Pulses look like impulses to loop filter
= Impulses are parameterized by their area and time offset

v(t)

v[n]
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Proposed Method

e(t)

e[n]

Perrott, DAC, June 2002

h(t)

I~

Loop Filter
¥

h[n] = Ts-h(Tsn)

JJHJJJJJJmLL
H
n

Loop Filter

" Set e[n] samples according to pulse areas
= Leads to very accurate results and fast computation

" Implemented in the CppSim Behavioral Simulator

v(t)

vin]
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Does C++ behavioral simulation really help?

Some Fabricated Examples to Consider:

1) A 3.6 GHz, Low Noise, Wideband Fractional-N Synthesizer
2) A 2.5 Gb/s, Low Jitter, Clock and Data Recovery Circuit
3) A 3.1 GHz Limit Amplifier with Fast Offset Correction

4) A 2 GHz VCO-based A/D Converter



The Issue of Dithering Noise

Ref —»
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" Dithering of divide value introduces quantization noise
" PLL lowpass dynamics suppress this noise
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Impact of Increasing the PLL Bandwidth

Ref —»|PED —| LOOP —» Out
Filter
Div
L < N/N+T |[e——

Frequency M-bit >-A 1_b¢it |
Selection 7% Modulator

Quantization Output
Noise Spectrum Spectrum

Noise

r AP
Frequency ¢
Selection :

@ > ;\ —> Fout

2—-A PLL dynamics

" Higher PLL bandwidth leads to higher noise

Tradeoff: Noise performance vs PLL bandwidth ‘
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Goal: Use Noise Cancellation to Improve Performance

Jr MV
ref(t) r(t) v(t) out(t)
—>»|  PFDIDAC Loop —

Filter
nn t 1 veo
div(t) i_ I Divider ‘4
qlk] >—A Quantization
Nsalk] S—A Noise Suppression
Modulator
NIK] | ]
Meninger et. al., f

TCAS Il, Nov 2003

" Key challenge: understanding impact of various
circuit mismatches

= Sensitive to both timing and DAC current mismatch
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Simulation of PFD/DAC Synthesizer using CppSim

f SUE2: wb_synth (schematic) --- C:/CppSim/Sue2/Suel ib/WBSynth_Examplefwb_synth.sue
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" Simulation speed: 40 million time steps in 11 min




Simulated PLL Phase Noise of 7-bit PFD/DAC
CppSim Simulated Phase Noise for Cell: wb_synth_chp_dyn_ro_buff, Lib: WBSynth_Example, Sim: test.par

—— freqfilt
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" Simulation results allowed verification of an analytical

model identifying impact of timing and current mismatch .,



Custom IC Prototype (0.18u CMOS)

Thermom eter
Decode and
Shufier

mi=l=l=l=l=inm=i=i==

Divider
and
Re-Timer

Band Select
Divider

FFOVDAC
Logic
Sample Op-amp
and Hold and
Looic Sample Metwork

EfEj=|=j== lﬁ mfwp=|= s Meninger et. al.,
' S, T JSSC 2006

FFODIDAC Bias Generation and Distribution
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Measured Noise Suppression

1 Agilent E5052A Signal Source &
PPhase Moize 5.0004B) Ref -70,00dBcHz

Canier 3.565530438 GHz  -2.2806 dBm

-70.00
o 2nd Order A Synthesizer
-ol, Ul
SBE.00
-90.00
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-105.0 26
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125.0 18}
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360 8 12+
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-155.0 I,,“' Wt 0
160.0 2 F
165.0 # : ] § o i :
- 6 3 I 4 ; b Ih I ) B
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10k 100F

Offset Freq From Carrier (Hz)

" 29dB quantization noise suppression measured at 10MHz !

First pass silicon success with a new synthesizer architecture!
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Clock and Data Recovery Circuits for SONET

Optical fiber Opticalto | In | Clock and |—p

Optical —() —»| Electrical —®{ Data
Transmitter Conversion Recovery Clk

X:X retimed data(t)
>

clk(t) :

— 3| Phase || Analog | o
Detect Loop Filter

OO0 OO®® g

Q.

Q

—e

Q

—_—

=
—-------'

" Function: recover clock from input NRZ data stream
= Want to support multi-rates: 2.5 Gb/s, GbE, 622 Mb/s, 155 Mb/s

" Structure: phase-locked loop with an appropriate phase
detector

" Focus: fully integrated implementation



The Woes of an Analog PLL Implementation

retimed

data(t) clk(t)
—| Phase Analog
Detect | | Loop Filter *@"" Jlllllllllf

||

g
3
©
5
| 1
1
Fww—

freq

" Goal: integrated loop filter

" |ssue: required cap value too large (100 uA charge pump):

- 2.5 Gb/s (OC-48): 4 nF
- 155 Mb/s (OC-3): 64 nF
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Consider A Digital CDR ...

retimed
data(t) e LN nn LN n
< HHHH |
datat clk(t) ! ! ! ! ! !
—»| Phase [ 5] Analog |, [
Detect Loop Filter
* VCO
I retimed
> data(t)
data(t) | Phase Diai -
gital Hybrid
Pl -to- ™Loop Fitter[ 1”2 vco clk(t)
Digital
4 digital capsT

" Digital loop filter allows:
= Easy integration of loop filter
= Easy configurability for multi-rate operation
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Key Component: A New Hybrid Phase Detector

; ]
: lod > - lsd |« :
» Hogge A :
v Detector [4\1L/— NG digital ,
E _D_> DQ = phase E
' _L error(t)
; T 1 Tom | i
i - T, 1st Order '
data(t) m—{p H-L{D o= "32{;‘3;’ - >-A i
E -P 1 -r ° :
: Reg Latch =2 = clkz(t),
' clk(t) = |
e, — — » retimed
e (t)~, ----------- data(t)
ata Phase Digital Hybrid
| -to- [|Loop Fitter[[°"A[] veco clk(t)
Digital ? Perrott et. al
* digital caps ISSCC 2006

" Combines analog phase detector with a simple A/D
" Use simulation to verify CDR performance with this structure
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Custom IC Implementation (0.25u CMOS)

&
—Other Dlgltal

" Achieved all SONET
performance
requirements on first
pass silicon

® Measured results in

line with behavioral
simulations
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Measured Eye Diagrams at 2.5 Gb/s

| Tkmonx | o |F| x| | Fle Edt View Setup Utilties Help [Triggered [ Tektronix | |5 x|
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..... ml_\f\-lﬁ *l =

.......... mlﬂlm *l §
: : : M1 150 D'y | M1 150 Orniicit
Measurement

B 11 PPk 420 1y
sadl |7 C2 PPk 413 9mY

Meazurement
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222 PkPk 426 .2mY
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TSE.0m

| |1suumw .El E W Q' @l' |1DD Dpa/di Elm 540N .E 456 PM 7417401 M1 Al |1500mej|uw W Q-l Ql |1DD.DpSe‘di

[feraon B sovpd znzm

" Best Case Conditions " Worst Case Conditions
= Input data: 2 Vp-p diff. = Input data: 10 mVppd
= Pattern: PRBS 27-1 = Pattern: PRBS 23'-1

= Temperature: 25° C = Temperature: 100° C
= Jitter: 1.2 ps RMS = Jitter: 1.4 ps RMS
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A Fast Acquisition Limit Amp

Analog
_ e Circuit

Optic Fiber( ) ~_§_;

Digital
CMOS ASIC

Clockand |
Data Clk

Recovery —m—y|

Data
Digital
Processor

Clk Out :
Phase | [Loop \_/—\
Detector Filter .

VCO

Data Out '
’ “

-----------------------------------------------------------

" Acquisition time of CDR is limited by slow response
of limit amp offset correction loop (typically

milliseconds)

Research focus: improve speed of offset correction
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Custom IC Implementation (0.18u CMOS)

Crain et. al.,
ISSCC 2006

" Achieved 3 orders of
magnitude improvement
in offset compensation
time over conventional
approach!

= Key innovation: a high
speed, low droop CMOS
peak detector

" CppSim used to
understand impact of
peak detector on system

" First pass silicon!
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Measured Results at 3.125 Gb/s

Settling time (< 1 microsecond) Eye Diagram

Horizontal Scale: 200ns/div Vertical Scale: 5mV/div Horizontal Scale: 100ps/div Vertical Scale: 50mV /div

\

Veontrol Offset |
Comp. |-
o P
R0 f A(s) > | Vout- -
Voffset
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A Novel VCO-based A/D Structure

VCO puffer

in

coarse
/ fine
tuning

clk

charge pump integrator

clk
divide —|—>

by
2/3

con

VCO freq:
2 GHz
Sample rate:
800 MHz

" Output frequency/phase of VCO set by input voltage
" Measure phase of VCO to infer input voltage

AA

out+
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Custom IC Prototype (0.18u CMOS)

" Designed by Min Park
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Measured output spectrum (Hann Window)
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SNR and SNDR (over 1 MHz) vs. input amplitude

=ME and SHOR vs. input level

B0 F —=— measured SNR |--cooo ........ & SIRPRNY -
—B— measured SNDR : : :
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" Peak SNR: 60 dB Peak SNDR: 39 dB (Hann window)
" Measured performance in line with behavioral simulations



Conclusion

® C++ behavioral models allow fast and accurate
simulation of novel mixed-signal circuits

= Allows the designer to understand key issues before
spending time on transistor level circuits

" C++ models allow seamless bootstrapping into a
variety of simulators
= AMS Designer
= NCVerilog
= Matlab
= CppSim
" VppSim dramatically simplifies the integration of
these models in each of the above simulators



