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Introduction

This text will guide you through making a design in a CMOS taalbgy. The goal is to design an
OPAMP that can be used as an active low-pass filter. As wilklea $ater on, the OPAMP is composed
of an OTA and a voltage buffer.

First starting from the specifications for the filter, the @pieations for the OPAMP will be derived.
Then the voltage buffer is designed, followed by the desiganoappropriate OTA. Finally the de-
signed OPAMP will be verified by simulating the entire filter.

Initialization

We will use the HSpice simulator for this design, working ilNKX and AvanWaves as waveform
viewer. The online help for HSpice can be started with the roamd:
fimec/software/synopsys/syn_2004.12-SP1/sold &

1. Make a subdirectorgpamp_design on your account.

2. First the transistor model files must be copied and ungifppthis directory. They can be found
at: /imec/other/umc18/UMC/UMC18_documentation/UMC18 LOG IC_Gll/
G-05-LOGIC18-1.8V-GENERICII-SPICE.zip

3. Next the template files must be downloaded and unzippeesétan be found at
http://homes.esat.kuleuven.be/ ftaverni/

4. Since HSpice works under UNIX, a UNIX session must beetiart

5. Then the necessary script has to be sourced, type:
source /imec/software/meta/W-2005.03/hspice/bin/cshr c.meta . This must
be done each time a new session is started.

6. To execute a simulation, typespice netlist.sp > netlist.lis
Thenetlist.lis file contains eventual errors and warnings, the DC-operatamnt and the
small-signal parameters of all transistors.

7. When doing an AC analysis, a fitetlist.acO is created.When doing a transient analysis,
a file netlist.trO is created. Both can be viewed usiagaves .
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Design Specifications

e Low frequency gain of the active low-pass filteR& dB

Error on the low frequency gain %

Bandwidth of the active low-pass filterEMHz

fna Of the active low-pass filter $00 MHz

ResistorR, of the low-pass filter 4 k(2

OTA must be capable of operation in unity feedback configomat

OTA slewrate =100 V/us

Minimal power consumption
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1 Design of the first order active low-pass filter

1.1 Ideal OPAMP

Figure 1 shows the schematic of an active low-pass filter. Cifoeit uses feedback to obtain a low-
pass filter characteristic. Starting from figure 2, the loamds given by

L=GH 1)
and the closed loop transfer function is equal to
G 1
T 1+GH H @

e Convert the schematic of the low-pass filter to a block diamgtiaat clearly shows the feedback
nature of this system.
We will first assume that the OPAMP is ideal, i.e. it has an itdigain and GBW.
e Find the transfer characteristiodyr/vrn) of the filter under the assumption th@tis very
large. Draw a Bode-plot of this transfer function.

¢ Find the relation between the component values R., C) and the specifications of the filter
(DC-gain and bandwidth).

1.2 Influence of OPAMP gain and GBW

In reality, the OPAMP will not be ideal, but will have a finitaig and GBW. If the OPAMP is
approximated as a first-order low-pass system with finitea gad GBW, the transfer function of the

OPAMP can be written as
ﬂ (3)

T 1+
with Apc the low-frequency gain of the OPAMP ang the bandwidth.
e Find the exact closed loop transfer function of the filter.

e Find the required minimum DC-gain of the OPAMP,¢ in order to have a DC-gain error
below the specified value. The relative DC-gain ereqrf))is given by:

1+ Ry /Ry
1+ Ri/R2+ Apc

e Calculate the influence of the finite GBW of the OPAMP on thadfar function of the active
low-pass filter. See Appendix A for more information.

er(0)(%) = 100 (4)

1.3 Influence of finite OTA slewrate

When the input voltage changes too rapidly and with high #&oges, the possibility exists that the
OTA enters slewing regime. This means that the OTA outputel&vering the maximal possible
current, to change the output voltage as fast as possible.

e For the OTA of figure 4, calculate the theoretical slewrate.
o If we look at slewrate as function of GBW, which design partareebecome fixed?

e Evaluate the previous condition for the given specification
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2 Design of the OPAMP

An OPAMP, like the one used in this active low-pass filter, hdsw output impedance and a large
voltage gain. In general, an OPAMP consists of an OTA, folldwy a voltage buffer. The next step
of this seminar is to design the OTA and voltage buffer inl8 um CMOS technology that operates
at1.8 V.

2.1 Design of a transistor

In deepsubmicron CMOS technologies, it becomes difficulige easy mathematical relations for
Ips andg,, as function ofW, L andVys — V. To obtain the small signal parameters of a transistor
for a givenW/ L and biasing point, it is best to simulate it. You can use ttee fibr _test.sp for

this purpose. The resulting small signal parameters amgigi@r current can then be found in the
output file.

2.2 Design of the voltage buffer

For the voltage buffer, we will make use of a common sourceliierpas shown in figure 3. The DC
input voltage of this voltage buffer is equal to the DC outpoltage of the OTA. To maximize the
voltage swing of the OTA, the DC output voltage of the OTA i®sbn equal td’pp/2, i.e. 0.9V
for this 0.18 um CMOS technology. The DC output voltage of the buffer is cinagebe0.7 V. The
reason for this choice will be clarified in section 2.3.

e Obtain an expression for the voltage gain, output resistancl input capacitance of the buffer.

o Verify the design by simulating the buffer in HSpice. Thdlisets given in the filebuffer.sp
and the corresponding testbenchigfer_test.sp

Usehspice buffer_test.sp > buffer_test.lis in order to simulate this buffer
with Hspice.
e From the filebuffer_test.lis the numeric values of the operating point can be found.

e Useawaves to view the AC simulation results.

e Compare the simulated voltage gain and bandwidth of theehuffith the values obtained from
the calculated expressions. Do the results match? If not,.wh

e Obtain the equivalent input capacitance of this buffer ftbmbuffer_test.lis file.

2.3 Design of the OTA

The schematic of the OTA is shown in figure 4. This is a so-datlerrent mirror OTA with single-
ended output.

e What is the inverting input and non-inverting input ?

As said before, the DC output voltage of the OTA is chosenlequéd, p /2, i.e. 0.9 V, for a maximum
output swing.

e What is the maximum and minimum output voltage of the OTA? Whthe limitation?
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o At first sight, it might seem logical to choose the DC voltag¢ha gates of M1 also equal to
0.9 V. This however will cause problems for transistor ... ?

Clearly, the DC input voltage of the OTA needs to be lower th&nV, and is therefore chosen equal
to 0.7 V. This explains why the DC output voltage of the buffer shaalkb be0.7 V, after all, the
OPAMP will be used in a feedback configuration. The voltagiéebwvill take care of the DC voltage
drop from0.9 V (output of the OTA) td).7 V (output of the buffer).

The next step is to design this OTA (i.e. make a selection efgte-width, gate-length and drain-
current of each transistor) so it fulfills the required sfieations. First of all, analyze the small signal
behavior of the OTA.

e What is the load of this OTA?

e On which nodes are the dominant and non-dominant pole(a)ddcfind the impedance of each
node of this circuit.

e Find expressions for the DC-gain, bandwidth, GBW and nomidant pole as a function of the
transistor small-signal parameters. Remember thingMilkker Effect andpole-zero doublets.
Try to find the influence of each node of the OTA on the transfacfion.

e Use the values of the previous section for DC-gain, bandwi@BW, non-dominant pole and
slewrate in order to get an idea of the required small-sigaakistor parameterg.{,, , etc.).

Adjust the netlisibta.sp andota _test.sp  to your specifications. A possible design-flow could
look as follows:

1. Make areasonable selection for the currents in each bmfitbe OTA. You can use the small-
signal parameters as a guideline for this initial guess.

2. From this rough selection of currents, calculate theireduate-width and gate-length of each
transistor (eg. with the aid oftor _test.sp ) and use these values in the netiitd.sp

3. Simulate the operating point of the OTA and ensure thatalkistors are in saturation.

4. Simulate the AC response of the OTA and verify the OTA pentnce (gain, GBW, ...) with
AvanWaves.

5. Verify the results from Hspice and AvanWaves with your lgiizal formulas. If there is a
discrepancy, try to find an explanation for it.

6. You can now change the transistor parameters (gate-wgdtle-length, drain-current, gate-
source voltage, ...) to improve the performance of the OTAdb course, maintain the sym-
metry in the circuit!

Before you change a transistor parameter, reason aboutit fir Don't just change something unless
you have at least a (small) idea why it should be beneficiayéarr design. Try to have a answer to
the questiorfwhy do you change something and what do you expect from it 2hd in case you
wonder . . .thigsanalog design ...

e Does the calculated GBW match the simulated GBW? If not . yavh

e What is the maximum gain and/or GBW that you can achieve With®@TA? Are all specifica-
tions met? If not, what is (are) the limitation(s)?

e Summarize the trade-offs that occur in this OTA.
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2.4

Cascode Transistors

If the specifications are still not met, add an nM@#Scode transistor at the output, see figure 5.

Why do we add an nMOS cascode and not a pMOS cascode?
What is the impedance at nodes n3c and n3d?

How would you bias node ng3?

Adjust the netlist and add the cascode transistor.

Which parameter(s) is (are) improved by the cascode ttans® What is the limitation of this
technique? Which specifications are met and which ones amet@

Does the calculated GBW match the simulated GBW? If not . yavh

Does this technique allow you to reduce the current consiompt

Of course, a pMOST cascode could be added as well. What wilidadvantage of this additional
transistor, besides a higher DC-gain? If you have some ftiftieylou can design the OTA with both
the nMOS and pMOS cascodes.
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3 Simulation of the low-pass filter

Now you can do a simulation of the low-pass filter, with theigiesd OPAMP at transistor level.
e Create a new subcircuit for the entire OPAMP.
o What will be the effect of the negative gain of the voltageféaif

e What will change with the circuit of figure 1 if you use an asyatrit supply betweef and
Vpp?

o Verify the simulated values with the original specificaion
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Figure 1: Low-pass filter.
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Figure 2: Typical feedback system.
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Figure 3: common-source output buffer.
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Figure 4: current mirror OTA with single-ended output.
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Figure 5: current mirror OTA with single-ended output andaale output stage.
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Appendix A: Second order systems

A second order system with two separate potgsaqdr,,;) can be written as

o 1
T(w) = (1 + s74)(1 + s704q) ®)

with wg = 27 fy = 1/74 andw,q = 27 f,qa = 1/7mm4. The previous equation can be rewritten as

. _ 1 ~ 1
Tjw) = (1+ 5(7a + Tna) + 52 (Tatna)) (14 5(7a) + 52(7aTna)) ©)

under the assumption thaf >> 7,,4
In other words, if you have an expression

. 1
then
TR a (8)
and
b
Tnd =~ — (9)

a



