EE-320 ANALOG IC DESIGN TP-2025/2026 E P F L
PRACTICAL EXERCISE SESSION No. 3

Note: For students connecting virtually, the details of the Zoom Meeting for the TP sessions are
given below (The same link, meeting ID, and passcode are valid for all 4 TP sessions)

Meeting link:
https://epfl.zoom.us/j/63888844351?pwd=dbKCKx75b0Y9tfd7sgfiJOWXUhjRxX.1
Meeting ID: 638 8884 4351

Passcode: 354172

In this TP, we will design a Differential Amplifier. We assume that you are now well versed in
creating the schematic and simulating using Cadence Virtuoso, based on TP-1 and TP-2. (You
can check TP-1 and TP-2 documents in case you need details.)

Note: For hand calculations, use the following values extracted from the design kit:
MnCox = 278MA/VZ, V1, n= 0.4V, ppCox = 614A/VZ, |Vy,p| = 0.54V, VDD = 1.8V.

1. Design of NMOS Input Differential Amplifier

We will go through the methodology to design an NMOS-Input Differential Amplifier with
resistive load for the following specifications:

VDD
Vin em= 0.9V, Vour,cm= 1.2V, lgias = 2A,
Differential voltage gain |AJ] > 10. %R Ré
i . Voutn Voute
Hand calculations: JTN 2 O
. , L . . Vinp Vinn
a) We start with the first design iteration as follows: _| |:M0 M1 :| }_
Ip.R =Vpp = Vour,cm 1
1.8—-1.2 lBins
R=——=600K0
1u

From half-circuit analysis, gain |AJ| = g R
9m-R > 10

gm > 16uS


https://epfl.zoom.us/j/63888844351?pwd=dbKCKx75b0Y9tfd7sqfjJ0WXUhjRxX.1
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Om= /ZID UC,py (%) , therefore (W/L) > 0.47.

We start with L = 1ym and W = 0.5um and iterate to obtain the required gain.

Building the schematic:

b) Inthe previous TPs, we created test benches that contained all the components within the
same canvas. In this session, we will create a hierarchy where our circuit is a standalone
component that can be instantiated within other schematics. Having hierarchies in your
design facilitates the re-use of certain blocks (without having to connect them up again),
improves the readability of your schematics, and allows you to separate your “design” from
your “testbench”. Creating a component is also necessary to draw its physical layout, as
ideal test bench elements like voltage or current sources do not belong to the circuit itself.

Create the differential pair (diff pair) schematic as shown below, named “diff”. Here, we
use pins (red elements in the schematic) instead of nets to define the connection
points/terminals from a higher level to the nodes in this circuit. Use the keyboard shortcut
“P” for placing these pins. Make sure that you use the correct direction (input, output,
inputoutput) for each connection, as shown in the figure below.

Note: To rotate or flip a component in the schematic, use the rotate button on the

. toolbar 42 .. Alternatively, you can also use the keyboard shortcut “R” for rotate and
“Shift + R” for vertically flipping components.

f\)
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The next step is to create a symbol for the diff pair. Click Create > Cellview > From
cellview and click OK. Arrange the list of pins as shown below to have the inputs on the
left and right sides of the symbol, outputs on the top, and inputoutput pins on the bottom,
as shown in the figure below.

Symbol Generation Options 5]
Library Name Cell Name View Name
EE328_TP3 Diff symbol
Pin Specifications Artribures
Left Pins VINP _List
Right Pins VINN I _List
Top Pins VOUTN VOUTP _List
Bottom Pins  |[TAIL SUB List
Exclude Inherited Connection Pins:
& None o All _ Only these:
Load/Save _ Edit Attributes Edit Labels Edit Properties

@D o spply o Help

After clicking OK you will see that the symbol is automatically generated. You can edit the
symbol using the toolbar to make it look more representative of what is inside (as shown
below on the right), but for this TP, you can skip this step. You can close the symbol
window when you are done.

[@instanceNamel

Create the testbench below for the diff pair, named “tb_diff”. Place your component “diff”
by browsing its symbol view in your own library. Make sure that the instance name of

this component is “I1”. After you place all the components, check and save. To change

the transistor parameters, you can descend into your component “diff’ by pressing

“Shift+E” on your keyboard and then clicking on the component. To ascend back to the

test bench level press “CtrI+E”.
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Setting up ADE-Explorer and performing DC simulation:

a) Create a new ADE-Explorer simulation setup with DC analysis and save the required DC
operating points in ADE-Explorer. Set the IBIAS value to 2uA and VDC to 0.9V. Make sure
that the transistor instance name is “M0” and “M1” inside the “diff” instance and ensure

that the instance name is “I1”. Save the operating point gm (using OP(“/I11/MQ” “gm”)). The
ADE-Explorer window will look as shown below.

ril Virtuoso® ADE Explorer Editing: ic_design tb_diff maestro (on selsrv2.epfl.ch)

W (=]

Launch Session Setup Analyses Variables Outputs Simulation Results Tools EAD Parasitics/LDE Window Help

Pl g7 & = & [ IG5 [[Replace  [l(ivone) BE B Ba x|
| Setup 7 8% [ th_diff [# maestro
Name | Value || I
w L&
; ic_design_tb diff 1
@ simulator spectre
2@ Analyses
- v dc t

cadence

e TYDE Details

Valus hBlotlSave| Spec
i
expr OP("/I1/M0" "gm")

I

=& Design Variables
IBIAS  2u
. [ VvDC 0.9

Fmv Xo™{n

= v & Parameters

[ « <) Corners

@ _ Reliability Analyses

# _'® Monte Carlo Sampling
+ _ Checks/Asserts

b) Run the DC operating point simulation and note the gm and the output dc voltage. Adjust
the width of the MOSFETs “M0” and “M1” until you hit the required gm (based on hand
calculations). In this example, the final value of (W/L) for the required gm is (1.5um/1um).

You can iterate and check that you will arrive at this final value of (W/L) to meet the
required gm and hence the gain.
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Setting up ADE-Explorer and performing DC sweeps:

Now that we have met the required operating point conditions, we will verify the usable range
of the diff pair. Create a DC sweep analysis of the parameter “VDC_delta” as shown below:

In the ADE window, define the following six outputs:

1. /11/MO/D
2. /11/M1/D

3. IS(“/11/M0/D”)

4. 1S(*11/M1/D”)

5. (IS(“/11/MO/D”)- IS(“/11/M1/D”))

6. deriv(IS(“/11/MO/D”) - IS(*/11/M1/D”))

4] Virtuoso® ADE Explorer Editing: ic_design tb_diff maestro (on selsrv2.epfl.ch) O )
Launch Session Setup Analyses Variables Outputs Simulation Results Tools EAD Parasitics/LDE Window Help cadence
- @ @l g 27 &= & 2 [ B [IRepiace  [[(vone) RER T Bo x|
[ Setup 28] [ 11 (diff) [ maestro
Analysis  _ tran © dc Cac Name | Value ] Name | Type | Details Value [Plot/Save]  Spec
 noise o xf w sens B B3| |Gm_mo expr  OP("/IL/MO" "gm") 19.18u 3 &
_ dcmatch _ acmatch o stb -4 ic_design_tb_diff 1 ID_MO signal (1) /11/M0/D ¥ = % -
o pz oI o sp @ simulator spectre iD_M1 signal (1) /11/M1/D v ¥ X
PP LI :
7] -0.9 0. r ¥
_pstb L opnoise U pxf re e | L expr|IS(*/1L/M1/D") v >
_ psp _apss o aqpac |5 Design Variables IS MO-IS M1 expr  (IS("/I1/MO/D") - IS(*/i1/M1/D")) e ™
_qpnoise _gpxf U qpsp T IBIAS 2u deriv expr | derivi(IS(*/11/MO/D") - I5(*/1L/M1/D"))) v
< hb < hbac < hbstb [ vbe 0.9 [
_ hbnoise _ hbsp U hbxf | & vDC_delta 0
DC Analysis ¥ & Parameters
Save DC Operating Poinl ¥ w5 corners
Hysteresis Sweep o I Reliability Analyses

LIs Monte Carlo Sampling
L_IChecks/Asserts

Sweep Variable

_ Temperature

v Design Variable
_ Component Paramete.__Select Design Variable

Variable Nan VDC_delta

_ Model Parameter

Sweep Range

® S@rtsStop  seart g9 stop 0.9
« Center-Span

Sweep Type

Step Si 1m

@ Step Size

Linear B O number of steps

Add Specific Poin _

Add Points By File_

Enable v Options...

@3 _cCoencel | Defaults | Apply /| Help
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Run the dc sweep simulation for different bias currents of 500nA, 1uA and 2uA. Identify
the useful range of the amplifier from the difference of drain currents (expression 3 above).
Notice that the derivative of this plot (expression 4 above) reminds us that the gain is
considered linear only for a small signal around the operating point bias conditions and
not for the entire useful range.

©

Launch Session Setup Analyses Variables Qutputs Simulation Results Tools EAD Parasitics/LDE Window Help cadence
B d i a3 BB |G |l Replace B (vone) B
[ setup 728X 211 (diff) [ maestro
Name | Vvalue || | outputs setup Results @
B B e B Bo-lk-dE G @ M-
ic_design_tb_diff 1 ‘ |, |5k G ® a2 p
@; simulator spectre 21/27 rows y
@; Analyses Point | Test | Output | Nominal | Spec | Weight | PassfFail | I X
vdc t-0.9 0.9 1m Linear Step Siz.. B B B B B B B >
" Parameters: IBIAS=500n
& Design Variables 1 ic_design_t... Gm_M0 5.923u L]
+ [& 1BIAS 0.5u,1u,2u ic_design_t... ID_MO
DC 0.9 &

1

1 ic_design_t... ID_M1
L [E vDC_delta 0 1 ic_design_t... IS_MO

1 ic_design_t... IS_M1

1

v & Parameters ic_design_t... IS_M0-I5_M1

v < Corners 1 ic_design_t... deriv

_ Reliability Analyses Parameters: [BIAS=1u

@ Monte Carlo Sampling 2 ic_design_t... Gm_MO 10.86u
__ Checks/Asserts ic_design_t... ID_MO

2

2 ic_design_t... ID_M1

2 ic_design_t... IS_MO

2 ic_design_t... IS_M1

2 ic_design_t... IS_M0-IS_M1

2 ic_design_t... deriv
Parameters: IBIAS=2u =

3 ic_design_t... Gm_MO 19.18u

3 ic_design_t... ID_MO

3 ic_design_t... ID_M1

3 ic_design_t... 15_M0

3 ic_design_t... 1S_M1

3 ic_design_t... IS_MO-IS_M1

3 ic_design_t... deriv

Flic_design_tb diff 1

+15_M0

VDC_delta (m)

Is_M1 h 3 0-1S_M Thu N

VDC_delta (m)

Thu Nc

VDC delt:
mouse L: M: R

20(47) | plot new graph subwindow 1
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Effect of mismatch in the diff-pair:

We will now evaluate the effect of mismatch in the diff-pair using dc-sweeps. During the design,
we sized the input NMOS differential pair to be identical in geometry with the assumption that
their parameters (mobility, oxide capacitance, threshold voltage etc.) are identical. In reality, post
silicon fabrication, the geometry of these devices will never be identical. The parameters will be
different due to systematic and random influences during the fabrication process. Therefore, there
will always be a certain degree of asymmetry associated with the fabricated differential pairs.

To simulate the effect of this mismatch, consider a scenario where the NMOS width deviates by
+10% (i.e., MO width by -10% and M1 width by +10%), as shown in the schematic below. For
simplicity, assume the length of the MOS remains unchanged.

[ e
-500.0 0.0 500.0 - 900.0
VDC_delta (m) VDC_delta (m)
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Simulate the circuit with these new MOS width dimensions with the bias current of 2pA (design
specification). Notice that the point where the differential current crosses 0A does not correspond
to a OV input difference. This deviation of the zero-crossing point from the ideal case due to
mismatch is termed “input-referred offset”. In the plot above, the input-referred offset is 6.25
mV.

Performing AC small-signal simulation:

Revert the width of the NMOS input pair back to 1.5y to perform the ac analysis without any
mismatch. Note that as against a single-ended input circuit, the differential input circuit needs a
different setup to run the ac analysis as shown below. To split the input ac signal differentially
between the two inputs we use two ideal voltage-controlled-voltage-source (VCVS) from the
analogLib and set the gain to 0.5 and -0.5, respectively. The ac signal is then applied as inputs to
these two VCVS with the AC magnitude set to 1.

Note that we have added two capacitors of 10 pF on both output nodes. This capacitor will act as
the load capacitor (mimicking the input capacitance of the next stage that the differential pair
drives). We will get back to this capacitance later in the tutorial.
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Add a new analysis in ADE-Explorer and choose “ac”. The ac simulation setup is shown below:

Choosing Analyses -- ADE Explorer =
Analysis  _ tran o dc ® ac
~ noise o xf _ sens
— dematch © acmatch o stb
< pz G Iif o sp
~ envip « pss - pac
< pstb < pnoise  _ pxf
- psp ~ gpss ~ qgpac
_ gpnoise _ gpxf o qpsp
~ hb ~ hbac — hbstb
— hbnoise _ hbsp o hbxf
AC Analysis

Sweep Variable

& Frequency

~ Design Variable

- Temperature

_ Component Parameter
.~ Model Parameter

— None

Sweep Range

e Start-Stop
 Center-Span

Start 1 Stop 100M

Sweep Type

LOO]
& Points Per Decade

Legarithmic n — Number of Steps

Add Specific Poin _
Add Points By File_

Specialized Analyses

None B
Enablei v Options...,
@3 cencel | Defaults | Apply | Help

[

Launch Session Setup Analyses Variables Qutputs Simulation Results Tools EAD Parasitics/LDE Window Help

Virtuoso®

ADE Explorer Editing: ic design tb_diff maestro (on selsrv2.epfl.ch)

cadence

I & Dl g 27 1&gl = & B I JRepiace

B (none) B BE x|

| setup 2EX] | [ tb_diff [ maestro T
Name l Value | Name | Type | Details, I Value | Plot|Save| Spec 3
8| |sm_mo expr  OP(*/I1/M0" "gm") 19.18u o E
4 ic_design_tb_diff 1 ID_MO signal (1) /11/M0/D %3 o (o 4
@ simulator spectre ID_M1 signal (1) /11/M1/D L [=HIE
E%Analyses 100M 100 Logarithmic Poi LTS NG = 3
M ac ogarithmic Poi.. | . .
L wde ©-0.9 0.9 1m Linear Step Siz..| | -+ expr | ISCILML/D") = >
1S_Mo-1S_M1 expr (IS("A11/MO/D") - 1S("/I1... (W} ]
& Design Variables deriv expr  deriv({IS("/I1/MO/D") - ... ]
[ 1BIAS 2u AC_gain expr  dbl{vfreq('ac "/MOUTP... |- o e
vDC 0.9
DC_delta 0
v & Parameters
¥ =} Corners
_| Reliability Analyses
@ Monte Carlo Sampling
LI Checks/Asserts
mouse L: M: R

4(12) | Ready>

| Results: ExplorerRun.0 | ic_design th_diff schematic | Simulator: spectre aps  Batch DJ

Run the ac simulation using ADE- Explorer and verify the gain obtained.
Add the following expression to the ADE window to plot the ac response as a function of frequency
(ensure that the output nets are labeled VOUTP and VOUTN in the schematic).

db((vfreq(‘ac "/VOUTP") - vfreq(‘ac "/VOUTN")))
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The AC response plot will look like below.

M2: 16.982 2dB

—— S M3

Notice that the dc gain is around 20 dB (i.e., 10 in linear scale), which is our required specification.
Also, the -3dB frequency (i.e., the frequency when the gain drops to 17 dB) is around 30 kHz as
seen from the plot.

Analyzing the frequency response (Optional):

To analyze this 3-dB frequency analytically we need to use the small-signal model and evaluate
the frequency response of the circuit using this linear model. While this is not covered in the
lectures, we will briefly present the idea behind this here. Based on the half-circuit of the
differential pair, at the output, we will have the load resistance R, the load capacitance C, and the
small-signal resistance r, of the NMOS. If we ignore the small-signal resistance r, (as ro,>> R), the
effective time constant at the output node will be RC (R being the load resistor and C being the
load capacitor).

In our example, R is 600 KQ and C is 10 pF. This RC will present a pole at the output node whose
frequency is given by, fooe = fags = 1/(2TRC) = 26.5 kHz. Compare this with the 3dB frequency
that we obtained in our simulation (around 30 kHz). If you consider the finite r, of the NMOS, the
3dB frequency will be roughly around 30 kHz.

f@ Change the load capacitance from 10 pF to 1uF and verify that the simulated and the
4+ hand-calculated 3dB frequencies match.
&5 q

10



