EE-523 ADVANCED ANALOG INTEGRATED CIRCUIT DESIGN TP-2025 E P F I
PRACTICAL EXERCISE SESSION No. 4

Note: For students connecting virtually, the details of the Zoom Meeting for this TP session are
given below

Topic: Advanced Analog IC Design Zoom Meeting
Time: April 11th, 2025 01:00 PM Amsterdam, Berlin, Rome, Stockholm, Vienna
Join Zoom Meeting:

https://epfl.zoom.us/j/66887254608?pwd=MBLOAjyTb7PaR02tNUeDaHDb1g5WID.1

Meeting ID: 668 8725 4608
Passcode: 191600

Objectives of this Practical Exercise Session

1. Design and simulate a non-overlapping clock generator:

a) Include the ahdlLib library to use logic gates in virtuoso.
b) Following the design procedures, design a non-overlapping clock generator.
c) Perform transient simulation to verify the functionality of the clock generator.

2. Design and simulate a switched-capacitor amplifier:

a) Following the design procedures, create a symbol for the OTA from TP2.

b) Design a switched-capacitor amplifier applying the OTA and the non-overlapping
clock generator.

c) Perform transient simulation to check the performance of the switched-capacitor
amplifier.

d) Simulate the switch linearity.

e) Introduction to the bootstrapped switch.


https://epfl.zoom.us/j/66887254608?pwd=MBLOAjyTb7PaR02tNUeDaHDb1q5WID.1

1. Design and Simulate a Non-Overlapping Clock Generator

Design Specification

¢ Non-Overlapping Time > 2ns
e Operating Frequency : 10MHz

Fig. 1: Schematic of the Non-Overlapping Clock Generator

The non-overlapping clock generator is a very important block for switched-capacitor circuit design.
It helps avoid issues such as unintended charge sharing and short-circuit during the switching
between different phases. The circuit schematic is shown in Fig. 1. The two inputs to the NOR
gate in this circuit can either be 11 or 00. In both cases, due to the cross-coupled configuration,
the outputs will stabilize to either 11 or 00, depending on the previous state and the input
transitions. This feedback mechanism ensures that the outputs are mutually exclusive and self-
recovering, preventing both PHI1 and PHI2 from being high (1) or low (0) at the same time. As a
result, PHI1 and PHI2 always maintain complementary or non-overlapping states, which is
essential for proper clock phase alternation in dynamic logic circuits. The non-lapping time is
mostly dependent on the delay of the inverters in the cross-coupling path.

Building the Schematic

To build the schematic of the non-overlapping clock generator, we need to refer to the ahdlLib
library, which provides models for different digital components. Here we do not use the digital
standard cells to reduce the difficulty in getting sufficient delay. Besides, it is a reasonable to start
with the VerilogA model than directly working on the standard cell to check the functionality of the
circuit. To include the VerilogA library, you could first go to the library manager and click
Edit>Library Path to include the ahdILib: ‘/softs/cadence/ic/6.1.7/tools/dfll/samples/artist/ahdILib’
as shown below. Remember to choose ‘save the changes’ when closing the library path window.



Library Path Editor: ...Fu/EE523_2025/CDS_VISO/cds.lib [NameSpace CDBA](N... — O X

File Edit View Design Manager Help cadence

Libraries :

Library | Path |

1 analogLib $CDS_INST_DIR/tools/dfll/etc/cdslib/artist/analogLib ‘
2 basic $CDS_INST_DIR/tools/dfll/etc/cdslib/basic

3 cdsDefTechLib  $CDS_INST_DIR/tools/dfll/etc/cdsDefTechLib
4 UMC_18_CMOS ./UMC_18_CMOS

 AAICD 2025 _home fu/EE523 2025/CDS VISO/AAICD 2025 ‘
6 ahdILib /softs/cadence/ic/6.1.7/tools/dfll/samples/artist/ahdILib ||
7 |

Library ahdILib is defined locally.

Instantiate the ‘not_gate’ and ‘nor_gate’ from the ahdiLib, and construct the schematic as shown
in Fig. 1. For all the logic gate, you could set the parameters to the value shown in the following
table. In the Edit Object Properties window, the CDF Parameter of view should be changed to
‘veriloga’ to set up these parameters.

Edit Object Properties (on jst371) X
Apply To only current |instance &5
Show _ system & user v CDF
Library Name ahdiLib
Cell Name not_gate
=
View Name  symbol
|
Instance Name¢ 10
User Property Master Value Local Value Display
interfacela.. } 21:15:54 1997 off
partName not_gate off v
vendorName off
CDF Parameter of vieveriloga @ I Display
viogic_high vdd off
vlogic_low 0 off X/
vtrans vdd/2 off
tdel in off
trise 10p off
tfall 10p off
@ concel Apply Defaults . Previous  _ Next | Help

vlogic_high | vlogic_low | vtrans | tdel | trise | tfall

vdd 0 0.5*vdd 1n 10p 10p




Create a Symbol for the Schematic

For hierarchical design, a symbol for the schematic is required. Before creating a symbol, we need
to define the pins. Press ‘P’ to create pins for the input, output and supply nodes. Here we only
have input nodes and output nodes. Add the input pin ‘CLK’ and the output pins ‘PHI1’ and ‘PHI2’
(as shown in Fig. 1).

Create Pin (on jst371) X
Names [PHI1 ]
Direction input [~ |
Usage schematic [~
Signal Type signal [~
_ Expand busses
_ Place muiltiple pins
» Net Expression __ Attach to pin
» Supply Sensitivity
Rotation £ A @ A

@I cancel  _ Defaults  _ Help

After adding the pins, click Create>Cellview>From Cellview and press OK to generate the
symbol. In the library manager the you will find the symbol view.

View | Lock ‘ Size
# schematic yfu@jst190.jed.cluster 31l

You could edit the symbol to make it look more representative of the circuit functionality. Here, we

added some pulse drawing to show that this block is a non-overlapping clock generator, as shown
in Fig 2.

Fig. 2: Symbol of the Non-Overlapping Clock Generator



Create a Testbench for the Non-Overlapping Clock Generator

In order to test the Non-Overlapping Clock Generator, we need to create a testbench. We could
create a new schematic called ‘tb_CLK_GEN’ and instantiate the symbol of the non-overlapping
clock generator. To create the input clock for the non-overlapping clock generator, you could
instantiate the ‘vpulse’ block from the ‘analogLib’ and setup as below. The duty cycle by default is
50%, and you could setup the duty cycle by editing the pulse width. Here PHI1 and PHI2 are not
connected to anything. As shown in Fig. 3, we could instantiate the ‘noConn’ block from the ‘basic’
library and connect to them to avoid warnings during check and save of the schemaitic.

Edit Object Properties (on Jst371) X
Library Name |EREIFRTEE ' of @ |
| Cell Name vpulse ' off n
| View Name  symbol ' off [~]
} Instance Nam« VO off B
Add Delete Modify
User Property Master Value Local Value Display
Ivsignore TRUE off B
CDF Parameter Value Display
Frequency name for 1/pe off B
Noise file name off @
Number of noise/freq pai 0 off n
DC voltage off |~}
AC magnitude off B
AC phase off B
XF magnitude off B
; PAC magnitude off -]
PAC phase off [~ ]
| voltage 1 ov of B
Voltage 2 vdd vV off B
| Period 100n s off K@
Delay time off -]
Rise time 10p s off B o
Fall time 10p s off B
|| Pulse width off n
|| Temperature coefficient off B
| @3 _cancel . Apply Defaults Previous . _Next Help

_rE
PHIT |

Fig. 3: Schematic of the Non-Overlapping Clock Generator Testbench



Launch the ADE Explorer and setup transient analysis to check the functionality of the block. The
accuracy of the simulation could be set as ‘conservative’ and the simulation time could be set as
1ms. The vdd could be set as 1.8V.

Name | value

s id
AAICD 2025 tb_CLK GEN 1
- @; Simulator spectre
2@ Analyses
. wtran 0 1m conservative

El&, Design Variables
[ vdd 1.8

v & Parameters

v “| Corners

1 _ Reliability Analyses

_® Monte Carlo Sampling

__ Checks/Asserts

Run the transient simulation and plot the non-overlapping clock PHI1 and PHI2.

ansient Response
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Fig. 4: Transient Simulation of Non-Overlapping Clock Generator

Wt Verify the non-overlapping time of PHI1 and PHI2.



2. Design and Simulate a Switched-Capacitor Amplifier

Design Specification

e Sampling Frequency 10MHz
e Gainof2

For the OTA of the switch capacitor amplifier, we will reuse the OTA designed in TP2. The
parameters of the OTA are listed below. The schematic in TP2 contains both the stimulus (voltage
sources for input, power, etc.) and the OTA itself.

Igias Lra WraiL | Fraw Ln Wh Fn L, Wp Fp Vb2 Vb1

19uA | 720 nm | 1 um 2 720nm | 1um | 7 360 nm | 1 pum 12 0.8 1.2

To use the OTA in the hierarchical design, we remove the stimulus and put pins wherever
necessary, similar to what we did for the non-overlapping clock generator in the first part of this
TP, as shown in Fig. 5.

Fig. 5: Schematic of the OTA with Pins

After editing the OTA schematic, you can create a symbol similar to how we did it for the non-
overlapping clock generator, shown in the first part of this TP. As shown in Fig. 6, it is
recommended to put the inputs on the left, output on the right, bias voltage, bias current and
supply voltage on top, and the ground connection on the bottom.



nceNamel

Fig. 6: Symbol of the OTA

Now, we are ready to build the switched-capacitor amplifier. For the switches in the switched-
capacitor amplifier, we use ideal switch (from analogLib). You could setup the switch from
analogLib as shown below. The open voltage could be set to 100mV and the closed voltage could
be set to 900mV. The open switch resistance and the closed switch resistance could be the default
value. The switch is a four-terminal device, two terminals are for the input and output of the switch
and the other two terminals are for the control voltage. The on and off of the switch is controlled
by the voltage difference between the control terminals.

Edit Object Properties (on jst371) X

Apply To only current [instance |3

Show _ system « user ¥ CDF

_Browse  Reset Instance Labels Display

Property Value Display
Library Name [EREIREINE] 7' off |
Cell Name  switch ' off |3
View Name  symbol off [~ |
Instance Name¢ WO off |8

__Add | Delete _ Modify

CDF Parameter Value Display
Open voltage 100m V off [~ |
Closed voltage 900m V off [~ |
Open switch resistance 1T Ohms off [~ ]
Close switch resistance 1.0 Ohms off n
Multiplier off [~ |
Estimated operating regi n off B



The schematic of the switched-capacitor amplifier is shown in Fig 7. During the PHI1 phase, the
input capacitance (CO in Fig. 7) tracks the input. During the PHI2 phase, the charge on the input
capacitor is transferred to the feedback capacitor (C1). The input voltage could be attenuated or
amplified based on the capacitor ratio between the input capacitor and the feedback capacitor.
We choose the input capacitor as 2pF and for the gain of 2, the feedback capacitor is set to 1pF.
The non-overlapping clock generator and the OTA are instantiated and integrated in the schematic.
The stimulus/excitation for the OTA - vb1, vb2, ibias, etc. and the non-overlapping clock generator
is the same as the TP2 setup and the previous part of this TP respectively. Here, the common-
mode voltage vcm is set to 900mV and the vdc of the vin is set to 900mV since it is the
recommended common mode input for the OTA in TP2.

Fig. 7: Schematic of the Switched-Capacitor Amplifier Testbench

After finishing the schematic, you could set up the transient simulation similar to the TP2 to
simulate the switched-capacitor amplifier.



name | vauc -
AAICD_2025_SW_CAP_AMP_1
@ Simulator spectre
=@ Analyses
¥ tran 0 1m conservative

- & Design Variables

& Fn 7

& Fp 12
& Ftail 2

[@ ibias 19u
& In 720n
& Ip 360n
(& Itail 720n
& vbl 1.2
& vb2 0.8
[&@ vdd 1.8
’H{‘ wn 1u L
& wp 1lu
@ wtail  1u

Fig. 8: Simulation Setup and Transient Waveforms of the Switched-Capacitor Amplifier

Now, you could try to replace the ideal switches with the real CMOS switches, as shown in Fig. 9.
You could first add ideal inverters from the ahdlLib for PHI1 and PHI2 to generate the inverse of
them. This time you don’t need to edit the parameter of the inverters since PHI1 B and PHI2_B
are the complete inverses of already generated non-overlapping clocks PHI1 and PHI2. For all
the NMOS transistors the W is set to 240nm and L is set to 180nm. For all the PMOS transistors
the W is set to 480nm and L is set to 180nm. The bodies of all the transistors are connected to
the source.

i PHLPPHILE

TN PHR BPHIZE

M. AaCrrallinil "n" nil)

Fig. 9: Schematic of the Switched-Capacitor Amplifier with CMOS switches



Before you run the simulation,click on Simulation>Convergence aids>Initial condition. Enter
0.9 as the ‘Node Voltage’ and then click on the ‘vout’ net in the schematic to set its initial value to
0.9V. This makes the plot more viewable in this case.

Select Initial Condition Set (on jst371) X

Node Voltag [

Voltage [Node Set |
0.9 fvout

@IS cancel | Apply  Delete | Help

Run the transient simulation and check the result. As shown in the Fig 10, comparing to the ideal
switch case, the cmos switch case includes the effects of capacitor coupling.

Transient Response
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Fig. 10: Simulation result of the Switched-Capacitor Amplifier with CMOS switches



Switch Selection — Linearity Considerations

R on,eq

H H P
[VrHpl Vbp - V1H Vi
At this juncture, we take a small detour to simulate the linearity of different switches, namely,
NMOS, PMOS, and the Transmission Gate (TX Gate). As shown in the figure above, we expect
the TX Gate to be the most linear switch as its ON resistance is almost flat across the input range.
However, we note that the NMOS is also as linear as the TX Gate when the input is low and the
PMOS as linear as the TX Gate when the input is high. However, it seems like the TX Gate is
always the safer option.

In the following experiment, we will try to simulate and see the linearity as a function of the input
common-mode and signal amplitude. We will not perform the sampling operation, as our goal
is to solely analyze the linearity of the switches and the sampling operation will complicate the
frequency spectrum and take away the intuition. However, with this simplification, we note that we
will miss some aspects like charge injection, clock feedthrough, etc. that affect systems with
sampling.

f@ The interested reader is encouraged to extend the following simulation for the case
&8s with sampling.

Create a new cellview named “TB_SW_LINEARITY” and construct the schematic as shown below.
The NMOS switch is of minimum size (W, = 240n and L, = 180n), the PMOS is twice the minimum
width (W, = 480n and L, = 180n). The TX Gate uses these two switches in parallel. We note that
the gate for these switches is connected to VDD (for NMOS) and gnd! (for PMOS), so that they
are in their ON states.




The properties for the vsin source connected to vin are shown in the figure below.

Edit Object Properties (on jst324) *x
Apply To only current [instance n | &
Show _ system « user v CDF

Browse  3eset Instance Labels Display
Property Value Display

Library Name analogLib ' off |
cell Name  vsin ' off B
View Name  symbol ' off n |
Instance Nam¢ VO off B
Add Delete | Modify [

User Property Master Value Local Value Display =
lvsignore TRUE off n |
CDF Parameter Value Display |

=

First frequency name

Second frequency name

=

Noise file name

Number of noise/freq pai 0

E

LCCCEERRRECCLLL

DC voltage vem Vv

AC magnitude

AC phase ui |
XF magnitude

PAC magnitude T |
PAC phase

Delay time ff |

Offset voltage

Amplitude vamp V ff |

Initial phase for Sinusoid Tt

Frequency 100K Hz ff |

Amplitude 2 il
@I cancel Apply Defaults | Previous _ Next _ Help

Launch ADE-Explorer to run the simulation. vem is set to 900m and vamp to 50m for this
simulation. We will run the transient simulation to check the linearity of the output signals (there
are other analysis types to check the linearity, but we will stick to transient as it is the most accurate
one). Setup the transient simulation as shown below.



| Choosing Analyses — ADE Explorer (on jst324) X | Transient Options (on jst324) x |

| Analysis e tran _ dc _ ac [ Time Step Algorithm | State Filel _output IEM;‘IROutput Fault | Electro * |}
- hoise - xf _ 5ens STROBING PARAMETERS =
~/alsneiED (2 EEmiEn e oppoint _ rawfile _ screen _ logfile _ no
< pz o If ~ sp
- envlp — pss ~ pac skipstart
— pstb — pnoise ~ pxf skipstop
~ psp ~ qgpss — gpac
— gpnoise _ qpxf — qpsp skipcount
= . =/ = litzis » strobeperiod 100n _]
~ hbnoise _ hbsp — hbxf » =
A ) strobeoutput _ none| ~ strobeonly | _ faulttimes _ all
Transient Analysis
Stop Time 30U strobedelay [+] L
Accuracy Defaults (errpreset) FINAL OP POINT SETTINGS
v conservative _ moderate _ liberal save Final Op Pt ™
_ Transient Noise Final Op Other Params =l
@3 cancel | Defaults . Apply | Help
Dynamic Parame _ L Lyrmrnn ruraine S A T 4
Enable: v Enable: v Options....
@3 cancel | Defaults _Apply | Help @3 cencel | Defaults | Apply | Help

After setting the ‘Stop Time’ and Accuracy setting, click on Options. Now, under the ‘Output’ tab
of the Transient Options form, set the ‘strobeperiod’ to 100n and ‘strobeoutput’ to strobeonly. This
tells the simulator to run the computations for the transient simulation every 100n and to store only
these points in the final results.

If this is not clear or you want to know more, please grab hold of one of the TAs!

Now, run the simulation and plot the input waveform (‘vin’) and the three output waveforms
(‘vout_nmos’, ‘vout_pmos’, and ‘vout_txgate’). These are shown in the figure below. Visually, they
look similar, but there’s more to them than meets the eye!

Transient Re:
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We will now plot the frequency spectrum (FFT) to visualize the linearity. For this, first select the
signal for which you want to compute the FFT in the waveform window and then go to
Measurements > Spectrum as shown in the figure below.

| Virtuoso (R) Visualization & Analysis XL: AAICD_2025 TB_NMOS_SW_LINEARITY maestro (on jst324) - o x
ifile Edit View Graph Axis Trace Marke =ni=1lTools Window Browser Help cadence
I -5 - & & 6 & &)« eve Diagram B Qi E el ey B2
[ ';; =N ———— By Spectrum l i 7| | Classic ﬂlaE'__J [=-‘|o

Kl AAICD_2025_TB_NMOS_S...

M VT("/vin")
"jvout_ nmos")

mouse L:

Analog To Digital
Digital To Analog
Derived Plots
Histogram
Transient Measurement
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.10(2?} | Trace: VT("/vin"); History: ExplorerRun.0; Test: AAICD_2025_TB_NMOS_SW_LINEARITY_1; Design Point: 1; Corner: nom |—||



Spectrum (715
Signal/Expr Names ‘[ = Setthe FFT Input method to “Calculate Stop Time”

vout_nmos

Input wave type Time Domain Waveform

= Earlier, we set the strobeperiod to 100n (this corresponds
to a sample frequency of 10M). So, we set the Sample Freq to

FFT Input methoed Calculate Stop Time

Start/Stop Time 10u 20.00u

sample Count/Freq 100 B 10.00M 10M.

Window Type Rectangular '

e e, mrmk 5.000M = We are interested in computing the FFT for 1 cycle of the

Signal bins 0

input. This corresponds to 10u/100n = 100 samples. So, we
set the Sample Count to 100.

Peak Sat. Level 0.0

Harmonics 1

» Finally, press S so that the Start/End Freq are automatically
computed.

Plot FFT (Units) » dB

Plot PSD o Magnitude

B
B
Analysis Type Signal Analysis n 7
[~}
-
- |

RERRIETE flew subwindow » Press Plot to plot the spectrum.
Plot
Outputs
Measuremer \Value
N

The frequency spectrum is as shown below. We note that there is a DC component (corresponding
to our common-mode voltage), signal component at 100KHz, its harmonics at 200KHz, 300KHz,
and so on. We note that these harmonics are because of the non-linearity of the switch.

As a measure of the linearity, we will use the difference between the signal (at fi,) and the
harmonics at 2fi, and 3fi,.. This is tabulated in the table below for the three switches.

Signal/Expr Names

db20(dft{v("/vout_nmos" ?result "tran") 10u 2e-05 100 "Rectangular" 00 1)) .
vout_nmos
Input wave type Time Domain Waveform n
spectrum_vout_nmos
f -7 0.0 FFT Input method  Calculate Stop Time
-10.0 Start/Stop Time 10u 20.00u
-20.0 4 | 100.0kHz -26.0206dB sample Count/Freq 100 10.00M
p! q
-30.0 Window Type Rectangular n
-40.0 Start/End Freq
00 TR ey S 100.0k 5.000M
60.0 Signal bins 0 B
70.0 Peak Sat. Level 0.0
-80.0 Harmonics 1 B
5 -90.0 ¥ 200.0kHz -101.167dB Analysis Type Signal Analysis =
-100.0 Plot FFT (Units) w dB
-110.0 B dx:100.0kHz dy:75.1467dB 5:751.467udB/Hz Plot PSD o Magnitude B
-120.0 Window Size
-130.0 .
Plot Mode New Subwindow n
-140.0 |
Plot
-150.0 “ y
Outputs
-160.0
170.0 Measuremer- |Value =
. E-v("/vout... =
-180.0 ENOB 12.17172 (bits) |

----- SINAD 75.041967 (dB)

SNR 75.041967 (dB)
2200008 bl bbb e e e e e e e SFNR 75 1AARARAA (AR -

-190.0




Switch Configuration Difference between tone at 2fi, | Difference between tone at
and fi, (often referred to as | 3finand fin(often referred to as
Harmonic Distortion 2 or HD>) Harmonic Distortion 3 or HD3)

NMOS -75.1dB -99.3 dB
PMOS -66.3 dB -89.4 dB
TX Gate -86.4 dB -112.6 dB

C@ Repeat the experiment for vem = 0.3V and 1.4V and construct a similar table. What
d; areyour observations?

AN

{:‘@ Can you repeat the experiment with sampling? You can check with the TAs if you
ok face any issue.

Q

Frequency

Take-home exercise (optional, but you better do it! ©)

To reduce the variations of the on resistance of sampling switch between different samples, the
bootstrapped switch can be used. The bootstrapped switch keeps the Vgs approximately constant




thereby minimizing the dependence of the switch resistance on the input signal. When the gate
voltage tracks the input voltage (as shown in the Figure above), the dependence of the Vgs on
input is reduced. For the complete version of the bootstrapped switch, we encourage you to read
Prof. Razavi's paper in the SSCL magazine [1]. You are also encouraged to simulate the
bootstrapped switch and check its linearity.

Reference

[1] https://www.seas.ucla.edu/brweb/papers/Journals/BRSummerl5Switch.pdf

AND DONE! @)
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https://www.seas.ucla.edu/brweb/papers/Journals/BRSummer15Switch.pdf

