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Abstract: In this work, design of CMOS operational amplifiers (opamps) is discussed using a new technique of
transistor sizing, called as Potential Distribution Method (PDM). PDM is a technique proposed to simplify analog
design and is primarily based on voltage and current distribution at different nodes of a circuit. Apart from being
technology independent, PDM is also free from complex mathematical expressions governing the devices and the
circuit. Instead of relying on traditional analytical methods, PDM directly uses the simulator as a device sizing
tool to meet the desired performance from the circuit. This is achieved by first designing the circuit with moderate
performance by logically allocating node voltages and currents, and then modifying the potentials and currents (dc
operating points) to meet the target specifications. A fully differential folded cascode opamp is thus designed to
illustrate the design methodology. The effect of node voltages and branch currents on response of the opamp is als
examined. Thereafter, using these dependencies, the guidelines for tuning the performance parameters to achie
the target specifications are discussed. The methodology demonstration is carried out using UMCQBOS
technology at 1.8/ supply and the simulation results are presented.
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1

Designing an analog circuit is becoming more and
more difficult as device dimensions are scaling down.
Typically, analog designers first design any analog
circuit with pen and paper using some device model
whose equations can be manipulated with hand cal-
culations [1, 2, 3, 4, 5, 6, 7, 8, 9]. Usually, these
models are based on long channel devices (SPICE
level 1 or 2), whereas actual devices are deep sub-
micron (DSM) devices which are totally different
from long channel in physical and electrical charac-
teristics. Once the device dimensions are obtained
mathematically using long channel model, the de-
signer implements the schematic on a simulator. If
targeting fabrication, the designer then combines a
state-of-the-art simulator with an extremely complex
and accurate (DSM) device models like BSIM3,4 etc.
When this schematic, based on inaccurate long chan-
nel model, is implemented on simulators, it is seen
that the simulation results do not match with math-
ematical expectations, with most common outcome
being devices coming out of saturation. It may be
mentioned that this error is primarily due to use of
oversimplified long channel model model to predict
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the sizes of short channel devices. The designer now
adopts an ad-hoc mechanism, adjusts the device di-
mensions and attempts to bring all transistors in satu-
ration to ensure that the circuit operates in desired op-
erating condition and meet the desired response from
the circuit. The difference in predicted and final de-
sign variables can be reduced if complex models like
BSIM etc. are used while carrying out the design an-
alytically. To handle such complex equations, the de-
signer seeks help of an add-on simulator, optimizer or
programming method [10, 11, 12, 13], which requires
additional skill and expertise to handle the additional
tool along with the the primary simulator. Whatever
may be the approach, the net time to design any ana-
log block increases, specially for circuits with short
channel devices. Moreover, such methods increase
the design complexity and makes the task difficult for
novice designers. Some alternate methods for tran-
sistor sizing which are less dependent on analytical
models have also been proposed [14, 15, 16].

Potential Distribution Method (PDM) [17, 18, 19,
20] is a technology independent approach which is
free from complex device equations and can be ap-
plied to all kind of devices, both long and short chan-
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nel. Simple and basic equations governing the volt-
age and current levels in the circuit are required to be
known by the designer. Presently, design of electronic
circuits involve extensive use of simulation tools. Em-
ploying such tools in the design process will make the
design time shorter and even novice designers can de-
sign any analog block including opamps with reason-
ably good performance and within short time. For de-
signing a block, PDM directly utilizes a simulator as
a device sizing tool for finding the device dimensions.
PDM also enables us to fine tune the block’s response
to meet the target specifications. Since the simula-
tor is capable of using accurate device models like
BSIM3,4 etc, the results obtained by this method (pri-
marily W/L) is quite reliable and is expected to gener-
ate same current and voltage in the circuit for which it
has been designed.. While designing a CMOS opamp,
the designer often finds it difficult to keep the transis-
tors in saturation. This problem becomes even more
serious when cascode structures are being designed. It
is to be mentioned that PDM inherently eliminates this
problem and provides the sizes of the devices based
on the saturation condition. PDM guarantees that all
transistors based on predefined bias point would re-
main in saturation.

In the following sections, the principles of PDM
is illustrated and application of PDM in designing a
fully differential folded cascode opamp using UMC
180 nm CMOS technology is demonstrated. The
guidelines for fine tuning the performance is also dis-
cussed. The tuning guidelines established for a given
channel length and process technology holds true for
other lengths and technologies as well.

2 Principles of Potential Distribution
Method

In analog circuits, the DC operating points play an im-
portant role in deciding the response of the circuit.
The first task of PDM is to stabilize these DC oper-
ating points. Once the DC bias points are stabilized
with devices in their desired region of operation, the
bias conditions are fine tuned to meet the target speci-
fications. In PDM, the simulator is used to find the de-
vice dimensions at a pre-defined bias which are based
on MOS saturation condition. This is to ensure that
all transistors are in saturation even during the first
DC simulation. The process of PDM comprises of the
following steps.

2.1 Initial Bias Conditions

In general, the specifications of an analog circuit are
given in terms of DC, AC and transient response. This
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can be met only when the circuit is biased at a desired
operating point. Deciding the initial bias conditions
for individual transistors is the first step in PDM.

1. PDM starts by first choosing a schematic. For il-
lustration, a cascoded transistor chain as shown
in Fig. 1(a) is assumed. The process technol-
ogy sets the supply level and the minimum chan-
nel length of devices. To achieve better match-
ing and higher output impedance, in a typical
CMOS analog circuit, the length of all transis-
tors are set to 2 to 3 times the minimum channel
length [21]. As per application and accuracy re-
quirement, a suitable simulator is chosen. State-
of-the-art simulators typically use highly com-
plex and accurate device models like BSIMS3, 4
etc.

2. For ease of illustration, all transistors are as-
signed au andv value. Whereu is the num-
ber of transistors between the chosen device and
the supply rail GN D for NMOS and \pp for
PMOS), andv denotes whether the device is of
type NMOS or PMOS and takes notatianor

p respectively. Assignment af andwv is also

shown in Fig. 1(a).

. Starting from slew rate, power dissipation and
unity gain frequency (UGF) requirements, the
drain current of all the transistors are estimated.
Care is taken that total current does not exceed
the maximum power dissipation constraint.

. The nodes along the drain-source path are la-
beled in the schematic shown as X, Y, Z, etc. in
Fig. 1(a). Nodes which are kept at known poten-
tials like common mode level are identified. For
instance, in a single supply circuit, the input and
output terminals are typically kept at a common
mode level of \by =Vpp/2.

. Node voltage distribution is typically started
from the output node, first distributed along the
drain source path of the output transistors, and
then the gate biases are allocated. If the input
to the circuit lies on a different branch, the next
branch closer to the input is taken up. Again,
first drain source and then gate biases are allo-
cated. Typically, none of the transistors in the
output side have a predefined gate bias. Thus,
the designer has a liberty to arbitrarily set gate
bias based on some overdrive condition. For in-
stance, consider the two stage opamp shown in
Fig. 2(a). Since the output branch (transistors
M6 and M7) and input branch (transistors M1
to M5) are different, we first carry out voltage
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Figure 2: (a) A typical two stage opamp (b) Plot of width versus drain current for UMCnl8INMOS at
predefined bias conditions with L=50@n

distribution at the output. Once done, we move 6. In a cascoded structure, leaving the top and bot-

towards the input branch. If the input and output
lie on the same branch (single stage differential
amplifier), we simply start voltage distribution
about the differential pair maintaining suitable
overdrive. This principle remains valid for other
topologies as well. Voltage distribution along
drain source path is usually achieved by simply
distributing the voltages evenly across the tran-
sistors and about the known node potentials. If
any other branched path exists (like in folded cas-
code amplifier or multistage architectures), volt-
age distribution is carried out on those paths after
distributing voltages in the output branch. Volt-
ages set at nodes closer to the output is taken as
reference for distributing voltages on branches
closer to the input. It is to be mentioned, that
usually the input common mode of an amplifier
is predefined. Thus, the gate bias of amplifying
transistor is fixed and the designer thus has lim-
ited liberty while assigning node voltages at the
source terminal of the input transistors.
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tom transistors, all other transistors are affected
by body bias. For threshold voltage estimation
of these transistors, a plot of body bias versus
threshold voltage|V sg| Vs. |Vr|) for NMOS
and PMOS is generated for the chosen technol-
ogy using the simulator. For the resulting body
bias of each transistor, théV(sz| Vs. V7))
plot is referred and the threshold voltage of all
transistors are estimated.

As per the threshold voltage of individual transis-
tors, the gate drives are allocated. For analog de-
sign, the gate overdrive () is usually set from
5% to 10% of \ppp [21, 22]. As a starting point,
gate voltage is chosen such that the overdrive
is small (at around 5% o¥/pp). This allows
adequate inversion with large transconductance
(9,») and output impedance,t This also pro-
vides large input common mode range (ICMR)
and output swing. A complete database of all
transistors and their operating pointsgVVg,

Vg, Vg, Ip)is created.
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8. Before the transistor sizing is begun, itis ensured
that all transistors are on and are biased in satu-
ration region. If not, then drain to source voltage
allocation of the transistor in triode is increased.
Other node voltages and threshold voltages are
recalculated and gate biases are adjusted accord-
ingly. It may be mentioned that if uniform volt-
age distribution does not allow transistor to be in
saturation, then voltage distribution has to be ad-
justed logically so that saturation condition is sat-
isfied. When voltages across all transistors sat-
isfy the saturation criterion, transistor sizing is
carried out.

2.2 Transistor Sizing

The transistor sizing procedure is as discussed below:

1. For sizing a branch, transistors with= 0 is
selected as the starting point. The predefined ter-
minal voltages are applied, and using the simu-
lator the width of the device is found which sets
the desired drain current. A sample circuit for
a transistor withu = 0 andv = n is shown in
Fig. 1(b). A similar circuit may be considered
for u = 0 andv = p. The simulator is used to
sweep the width of the device and plot the cor-
responding drain current. From the graph, the
width of the device which sets the desired current
at the predefined bias condition is selected. One
such graph generated for an NMOS with length
L=500 nm using UMC 180nm technology is
shown in Fig. 2(b). Next, transistors with= 1
is targeted and transistor with= 0 of the same
type is included in its sizing schematic. A simi-
lar plot is generated and width of transistor with
u = 1is selected.

. Generalizing the sizing algorithm, to find the
width of a transistor withu = m, we draw a
schematic comprising of transistors with =
m, m—1, ..., 0, of eitherv = norv =
p, and connect them as in original schematic.
Along with all gate potentials, only the end ter-
minal voltages are applied, i.e., for transistor
with « = m, topmost drain voltage and bottom-
most source voltage is appliedvit= n (NMOS),
or topmost source voltage and bottom-most drain
voltage if v p (PMOS). The intermediate
drain-source nodes need not be biased since their
potentials are generated by transistors witk-

m — 1, m — 2, ..., 0 which are already sized
before sizing transistor with = m. A sample
schematic to estimate the size of transistor with
u = m is shown in Fig. 1(c). The current through
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the branch is plotted by varying the width of the
transistor withu = m. From this, the width of
the transistor withu = m is selected. Thus all
transistors in a branch are sized to carry the same
current at a predefined operating point.

3. Once all the transistor dimensions are known and
fed into the simulator, the entire circuit is simu-
lated for DC operating points. It would be seen
that the transistors are carrying the desired drain
current and all the nodes have achieved the pre-
defined voltage levels. If initial node potentials
are selected based on saturation condition, all

transistors would be in saturation.

The first task of stabilizing the DC operating point
is now complete and the circuit is checked for AC re-
sponse. PDM allows us to fine tune the opamps AC
response by varying the dc operating points and meet
the target specifications.

2.3 Performance Tuning

As mentioned earlier, in any analog circuit, the DC
node voltages play a significant role in deciding its
response. The performance parameters of the circuit
can thus be tuned by altering the operating points. To
achieve this, the voltage and current distribution are
altered and new device dimensions are found. It is
to be mentioned that different circuits would exhibit
different tuning techniques. Thus, for a given circuit,
tuning mechanisms are to be established once, which
would be valid for all technologies. In this work, the
guidelines for tuning the performance of a fully dif-
ferential folded cascode amplifier are illustrated and
discussed.

A flowchart briefly explaining the principle and
process of PDM is shown in Fig. 3. Application of
PDM for designing a fully differential folded cascode
opamp is addressed in the next section.

3 Design of A Fully Differential
Folded Cascode Opamp

A fully differential folded cascode opamp is shown in
Fig. 4 with nodes labeled as A, B, C, etc. LekV
denote the DC voltage at nodewhere X may take
values such as A, B, C etc. Node X antlate image
pOtentials and ‘géZVX/. Let VDS(J\JY) and VGS(J\JY)
denote the DC level of drain to source and gate to
source voltages of transistddY whereY may take
values 1, 2, 3... anlllY represents the transistor as la-
beled in Fig. 4. Also, let /) denote the DC level of
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Figure 4: Fully Differential Folded Cascode Amplifier with Coron Mode Feedback Circuit
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Table 1: Desired response of the amplifier
DC Gain> 55dB
Bandwidth> 200 kHz
Unity Gain Frequency (UGFE} 150 MHz
Phase Margin (PM} 60°
ICMR™ < 600mV
ICMRT > 1.8V
Output Swing < 200 mV
Output Swing > 16V
Slew Rate (SR)> 100 V /us
Cr, =100 {F
Max. Power Dissipation (P,,q,) < 250 uW

ages are also DC voltages unless explicitly mentioned.
Table 1 lists the desired response of the amplifier.

In PDM, the first version of the opamp is de-
signed without caring much about its response. Once
a schematic with all transistors in saturation is ready,
the bias conditions are altered, devices are re-sized
and target specifications are met. For 180 CMOS
processVpp = 1.8V,Vss = 0V = GND is used
with L=500nm (2 to 3 times minimum length [1, 7]).
However, it should be noted that the designer is free to
choose any length as this does not impose any prob-
lem with PDM.

3.1 Initial Bias Conditions

The initial bias conditions of the opamp is decided by
the steps mentioned below.
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3.1.1 Current Constraint

As per the maximum power dissipation R, ), the
maximum current (o) drawn from the supply is
given by:

Maximum Power Dissipation (P,,,.)
Supply Level (\pp)

Imaa: = (1)
Assuming a maximum power dissipation of 256W,

the maximum allowable current becomes approxi-
mately 135uA at 1.8V supply. For safe boundaries,
lmae=120 A is assumed.

As per [22], if SR denotes the slew rate require-
ment and ¢ is the load capacitance, the minimum
tail current necessary to meet the slew rate require-
ment (krqi.min1) Of the fully differential folded cas-
code amplifier is given by:

ITail,minl =2 x SRx CL (2)
Assuming a slew rate requirement of 10@us, a tail
current of 20uA is required when ¢=100fF.

Besides slew rate, the lower limit on tail current
is also dependent on the UGF requirements. The UGF
of the amplifier is given by:

m(M1,M2)

g
F =
UG c 3)

If I7qi mine denotes the minimum tail current from
UGF constraints, the,, of differential pair can be
given by:

2 x Drain Current  I7q min2
Overdrive 5% ofVDD(
4

Im(M1,M2) =

The reason for selecting this overdrive is illustrated
earlier and is also given in 3.1.2. Now, combining (3)
and (4) we get

ITgitmin2 = UGF x Cp x 5% of Vpp ~ (5)
Assuming a UGF requirement of 180Hz with a load
of 100{F, the minimum tail current required to satisfy
UGF criteria becomes 1.pA. The tail current must
satify both, (2) and (5) and may be given by:

ITail,min = maXQTail,minl’ITail,minQ) =20 HA(6)
Generally, in a folded cascode opamp, it is assumed
that transistor M4 carries a current larger thian;;.
This prevents the cascoded load current from becom-
ing zero when opamp is slewing [7]. Typically, cur-
rent through M4 is 1.54,;; [22]. Thus, as a starting
condition,

Iiaray = 1.5 I (7)
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Numerically,
Irain = 20 pA 5 I(ppg) = 30 pA (8)

For the common mode feedback (CMFB) circuit
shown in Fig. 4, the CMFB loop gain is given by [22]

Iiag

(9)

AC’MFB = T
CMFB
where by g is the current drawn by each diode con-
nected PMOS (M12 and M13) in CMFB circuit as
shown in Fig. 4. The designer is free to choose a
CMFB loop gain as per his requirement. This does
not pose any problem with PDM. Here, assuming a
CMFB loop gain of two,

1
IcvrB = U _ s HA (10)
Referring Fig. 4, the total current drawn by the opamp

may be expressed as

Irotar = 21 (ara) + 2lomFB (11)
Combining (10) and (11),
Irotal = 3I(M4) =90 pA (12)

It should be ensured thatJ;y; < linaz. If NOt, then
l(a4) @nd (or) basrp Must be reduced so as to bring
I 70tar DElIOW |,,,... HOWever, care should be taken that
l(ar4) > lTqir due to the reason discussed earlier.

3.1.2 Node Voltage Distribution

While deciding the initial bias conditions of the tran-
sistors, minimum values of overdrive and drain to
source drop is decided first. Literature suggests that
5to 10 % of Vpp as overdrive is suitable for analog
circuits. This gives large,g and t,. The overdrive of
all transistors are thus initially kept low at around 5%
of Vpp. If V,, represents the overdrive voltage, then
Vas — Vra = Vo = 5% of Vpp (13)
It is known that for biasing transistors in saturation
region, the drain to source drop should be larger than
its overdrive. For safe operation, drain to source drop
is kept around 5% of ¥ above overdrive. Thus, the
minimum drain to source drop becomes:

VDSmin ~ 10% of VDD (14)
Voltage distribution begins by first identifying the
nodes which are to be kept at fixed DC level. For in-
stance, in a single supply circuit, the input and out-
put nodes are typically kept at common mode level
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Figure 5: Effect of body bias for UMC 18fim pro-
cess with L = 50Ghm

of Vpp/2 (0.9V in this case). This allows maximum
space for input and output voltage swing on both sides
of common mode level. In CMFB circuit, gate termi-
nal of transistors M15 and M16 are also kept at com-
mon mode level, which is 0.9.

Node voltage distribution is now begun from the
output side. It can be seen that transistors M4 through
M11 constitute the output branch. Voltages at node A
and B are thus allocated first. The potential at node A
(V 4) is taken as the arithmetic mean of known poten-
tials above and below it. Potential at node BgMs
also set similarly. This causes uniform and even volt-
age distribution among transistors M4 to M11. There-
fore, node A is kept at 1.3¥ and node B at 0.4Y¥.

1. .
V4 = mean(Vpp, Vout) = M =135V
(15)

09V+0V
Vi = mean(Vyu, GND) = POVHON _gusv
(16)

After distributing voltages in the output branch,
the input branch is taken up. Using the principle of
uniform voltage distribution, the potential at node C
(V¢) can be given by

1.
13BVHOV ey

17)
As mentioned earlier, the gate of the differential pair
is at 0.9V. This allows only 0.225/ of gate to source
voltage for differential pair. Moreover, referring to
Fig. 5, the approximate threshold voltage for differen-
tial pair with body bias of 0.67% would be around
0.55V. This bring the overdrive to -0.328. It may
thus be concluded that if &/is found using (17), the
overdrive of differential pair goes below its effective
threshold voltage and it enters sub-threshold region.

Vo = mean(Va,GND) =
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This creates a need to logically set the potential at
node C.

The NMOS differential pair experiences a body
bias of Vo, due to which its threshold voltage in-
creases and can be read from Fig. 5. The gate to
source voltage is (¥y—V ). To keep them on, care
should be taken that this gate to source drive is greater
than its effective threshold voltage. As\increases,
the overdrive of the differential pair decreases due to
decrease in its gate to source voltage and increase in
its effective threshold voltage. A smaller overdrive is
particularly of interest since it leads to large transcon-
ductance of the amplifier. Thus, the largest value of
V¢ is that voltage which establishes an overdrive of
differential pair of atleast 5% of ¥, under the influ-
ence of body bias of ¥. Mathematically,

Vemaz = Vor — Vraon) +0.05Vpp  (18)
where, Vrg 1) s threshold voltage of differential
pair whenVsp1)y = Vomaz- Since o accounts
for drain-source drop of transistor M3, the lower limit
of V¢ becomes

Ve min = VDSmin = 10% of Vpp =~ 0.2V (19)

For 180nm technology with 1.8V supply, it is seen
that Vo = 0.35 Vis the largest allowable potential at
node C with \l-); = 0.9 V. Beyond this, the differen-
tial pair enters sub-threshold region. Thus (19) gives
the lower limit on \iz and subjected to the condition
that (18) holds true for the upper limit. Thus,
Ve = Vemaz =035V (20)
If the designer chooses to have a cascode current sink
instead of one transistor (M3),¢Vis then distributed
equally along the drain source of the two sink transis-
tors.

In the CMFB circuit, M12 and M13 are diode
connected transistors which generate the feedback
voltage. For 5% overdrive of PMOS transistors M4
and M5, the feedback voltage is initially biased at
1.2V. Thus,

Vo =Vomure =12V (21)
For ease of design, node E is kept at the same poten-
tial as node C in the folded cascode structure. Also

transistors M18 and M19 share the same gate bias as
transistor M3.

Ve =035V (22)
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Algorithm 1 Cdculation of DC operating points

n,, < No. of NMOS transistors in stack
Viop,n < Drain potential of top-most NMOS tran-
sistor
Viottom,n < Source potential of bottom-most
NMOS transistor
for u =0to (n, — 1) do

VS,n[u] — [u X (Vtop,n - Vbottom,n)] /nn

VD,n[u] — [(u + 1) X (‘/top,n - ‘/bottom,n)] /nn

Node Potential| Node | Potential

(V) (V)

A A 1.35 B, B 0.45
C 0.35 D, D 1.2

E,FE 0.35 vb1l 0.55

vb2 0.625 vb3 1.075
Vin+, Vin— 0.90 Vem 0.9
Vout+, Vour— 0.90 Vemrs 1.2

Table 3: Bias Conditions at initial design

Transistor | Vp Vo Vs | VB | Ip
M1 VM 1MV M) ] (A

M1,M2 | 135 09 [035| O 10
M3 0.35| 055| O 0 20
M4, M5 |135| 1.2 | 1.8 |1.8| 30
M6, M7 0.9 | 0625|135/ 1.8| 20
M8, M9 0.9 | 1.075(0.45| O 20
M10,M11 | 0.45| 055 | O 0 20
M12,M13 | 1.2 | 12 | 1.8 | 1.8| 15
M14-M17| 1.2 | 0.9 |035| O 7.5
M18,M19 | 0.35| 055 | O 0 15

3.1.3 Gate Bias

Once the internal node potentials are allocated, the
threshold voltage of the transistors are read from
Fig. 5 for their corresponding body bias. As per these
threshold voltages, gate biases are allotted in accor-
dance to (13). Primarily, there are four basic reasons
for selection of small overdrive: large DC gain, large

output resistance, wide ICMR and wide output swing.

The voltage gain of the folded cascode ampli-

fier is g, (a1, m2)Rout, Where Ry, is the effective

resistance at the output node. Setting a small over-

drive results to large values of both,,gand R,

thereby leading to a large DC gain. At the same time,

smaller overdrive leads to smallerpy¥,,; of tran-

sistors, which in turn gives wider ICMR and output
swing, but at the cost of larger device and increased

parasitic capacitance.

Table 2 lists the initial node voltages of the cir-

cuit. A simple algorithm as given in Algorithm 1

could be followed to obtain the DC operating points of
any transistor stack like the one showed in Fig. 1(a).
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VBm[u] +—0
Vrunlu] < threshold (Vg ,[u])
ng[u] — Vsm[u]—l—VTH,n[u]—i—O.OSVDD
end for
n, < No. of PMOS transistors in stack
Viop,p < Source potential of top-most PMOS tran-
sistor
Viottom,p < Drain potential of bottom-most PMOS
transistor
for u =0to (n, — 1) do
Vsplul <= Vop —[ux (Viepp = Voottom,p)| /Ny
VDJ, [u] — VDD —
[(u+1) x (Vtop,p - %ottom,p)] /np
VB,p [u] <~ Vpp
VTHJ,[U] — threshol(,j(VDD—VgJ,[u])
VG7p[u] %Vg,p[u]—VTH7p[u]—O.05VDD
end for

3.2 Transistor Sizing

Once the initial bias conditions are finalized, a
database is created as shown in Table 3, which lists
the terminal voltages and drain current of every tran-
sistor. Now, using the method discussed in Section 2.2
and depicted in Fig. 1, the transistor dimensions are
found. Usually, the length of the transistors are chosen
and the widths are found. The transistor dimensions
are then appended into the database.

Once all the device dimensions are known, the
complete schematic is simulated. The node poten-
tials as desired are checked after DC simulation. The
AC response of the initial design with;G= 100fF is
given in Table 4. It can be seen that the bandwidth
criteria of the amplifier is not met yet. Ahead in this
work, method to fine tune the response of the circuit
to meet the desired specification is discussed.

3.3 Effect of DC Operating Points

It is well known that the response of any amplifier
is significantly affected by the DC operating points
which represents the potentials at different nodes and
the current levels in differential pair and load branch.
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Table 4: Initial response of the amplifier

Performance Response for
Parameter Cr, =100 {F
DC Gain 61.93dB
Bandwidth 147.9kHz
Unity Gain Frequency (UGF) 171.8MHz
Phase Margin (PM) 67.29
ICMR™ 524mV
ICMR™ 1.87V
Output Swing 180mV
Output Swing 1.62V
Rout 7.26 MS2
Slew Rate 100V /us
| Total 90 uA
Power Dissipation 162 uW
Input Referred Noise | 286.4uV /v/Hz
CMRR 300.8dB
PSRR (average) 259.3dB
Dominant Pole (P 151.1kHz
Non-Dominant Pole 1 (B 417.25MHz
Non-Dominant Pole 2 (P 1.519GHz
Pole Zero Dublet 2.151GHz
FOM,; (MHzpF /mA) 190.8
FOM; ((V/us)pF/mA) 111.1

A detailed study on the effect of bias by varying

Rishi Todani, Ashis Kumar Mal

Figure 6: Range of \{{ ard V3 for UMC 180

change in their body bias. Thus, vb2 is adjusted for
keeping the overdrive constant at 5% opH)M. For
allowing a drain to source drop of 3% i, for tran-
sistors M4 to M7, the possible range ofi\becomes

V DS,min @bove V,,; 10 Vpg min below Vpp. Thus,
the range of 4 can be expressed as

Vout + Vpsmin(me) < Va < Vbp — VDS min(na)
(23)
Since V,,; is assumed at 50% of yp, the limits can
be expressed as

60% OfVDD < VA§90% OfVDD (24)

V 4 is thus varied from 1.% to 1.6V for 1.8V sup-
ply. It is observed that potential at node A signifi-
cantly affects the UGF, DC gain and the bandwidth of
the amplifier.

3.3.2 Potential at Node B

With the change in ¥, vb3 must be adjusted to keep
overdrive of M8-M9 pair constant. Using the same
principle used to decide the range of; Vthe possi-

these node potentials and currents on the response ofble range for \s becomes Vg m:n above GND to

the amplifier is carried out by varying one parame-
ter while keeping the other conditions constant. The
range of node voltage adjustment is set such that all
transistors operate in the saturation region with mini-
mum drain-source drop of ¥s ;. The currents lev-
els should satisfy the slew rate and UGF requirements
and at the same time not exceed the maximum al-
lowed power dissipation. Change in DC bias directly
affects the g, and ¢, of transistors thus altering the
circuit’s response. It is shown that by setting these
bias conditions appropriately, the target specifications
of the opamp can be met. It is to be mentioned that
effect of DC operating point is observed by first al-
tering voltage/current distribution, finding new device
dimensions using the method given in 2.2 and then
checking the response of the complete circuit.

3.3.1 Potential at Node A

As V4 (potential at node A marked in Fig. 4) is var-
ied, the threshold voltage of M6-M7 pair vary due to
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V ps.min bElOW V,,;. Thus, the range dfz is given
by:
10% OfVDD < Vg §40% OfVDD (25)

V g is thus varied from 0.2/ to 0.7V for 1.8V sup-
ply. Similar to V4, Vg is also found to significantly
affect the DC gain and the bandwidth of the amplifier.
The UGF is independent of the potential at node B. A
detailed discussion on their dependency is presented
next. The range of Y and Vg for UMC 180nm is
shown in Fig. 6.

Using the limits set by above equations, the effect
of V4 and Vg is illustrated in Fig. 7 to Fig. 12. Itis to
be noted that the axis label&gotential at node A”in
Fig. 7 and Fig. 12 is reversed to enable clear surface
plot view. Fig. 7 shows that the UGF is a function of
the potential at node A and is independent of poten-
tial at node B. Comparing Fig. 8 and 9 the trade-off
between DC gain and bandwidth can be seen. Fig. 10
clearly shows that the phase margin is independent of
V 4 and V. The nature of the plot for output resis-
tance is identical to that of voltage gain due to the fact
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Figure 8: Effect of potential at nodes A and B on volt-
ace gain
Figure 10: Effect of potential at nodes A and B on

that g,, of the amplifier is independent of the volt- phase margin

ages at node A and B. In this example, output resis-

tance is seen to vary fromM(2 to 7 M2. The values

of V4 and Vg can be read to either maximize,R

for large DC gain, minimize R,; for large bandwidth

or settle for a trade-off. The valuessvVand Vg can 200
also be read to achieve given performance parameters.
Fig. 11 and 12 shows the dependency of the dominant
and non-dominant pole with Yand Vg. The plot for
dominant pole and bandwidth are identical with slight
level shift. It is also evident that non-dominant pole is
independent of potential at node B and takes highest
value when node A is at its lowest possible potential.
Lowest potential at A allows large drain to source drop ® o 14
for M4-M5 pair leading to their smaller size and hence
lower parasitic capacitance.

Table 5 lists the potential at node A and B for
maximizing a performance parameter or achieving Figure 11: Effect of potential at nodes A and B on
a trade-off. Table 6 lists the ratio in which drain  Dominant Pole
to source voltages may be distributed to achieve the

Dominant Pole (KHz)

Potential at Node B (V) Potential at Node A (V)
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Figure 12: Effect of potential at nodes A and B on
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Figure 13: Effect of \& on voltage gain and band-

width

same. It is observed that the bandwidth is maximized
when Node A is at lowest possible potential and node
B is either at its maximum or minimum possible value.

3.3.3 Potential at Node C

The potential at node C is limited on the lower side by

V ps,min Of transistor M3. As mentioned earlier, for
1.8V supply, Ve,maz=0.35V, approximately 20% of
V pp. Combining this with (14), the limits on ¥ can

be expressed as

10% of Vpbp < Vo < 20% of Vbp

The effect of potential at node C on AC response

(26)

of the opamp is shown in Fig. 13 and 14. It is evi-

dent that larger potential at node C fetches larger DC
gain, bandwidth and unity gain frequency at the same
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Figure 15: Effect of \& ong,, and r, of differential
pair M1 and M2

time, but with litle compromise on phase margin.
Fig. 15 shows that as the potential at node C is de-
creased keeping others constapipfrdifferential pair
increases. This causes the overall output resistance to
increase further. However, with reduction ir:\Vthe
transconductance of the amplifier rapidly falls,(gc
1/(Vin-V)). This causes a reduction in the overall
gain of the amplifier (& = g, Rout)-

3.3.4 Selection of Total Current

To examine the effect of total current drawn by the
circuit, the total current drawn is varied maintaining
the current ratios. In this exampleajy) = 1.5k
and oy r=l(ar4)/2. Combining the conditions given
in (7), (10) and (11), the lower limit on total current
can be expressed in terms of minimum tail current as

ITotal > 4.5 ITail,min (27)
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Table 5: Voltage selection of nodes A and B for ¥.&uply

(Va(V)| Ve(V) |Ve(V)| Maximized Parameters
1.35 0.45 0.35 DC Gain & R,
1.35 | Independent 0.35 UGF
1.1 0.7and 0.2| 0.35 | Bandwidth & Dominant Polg
1.1 Independent 0.35 Non-Dominant Pole

Table 6: Drain to Source Voltage Distribution at Nodes A and Bgieg Vi = 0.35V

Vspoua : Vspae) | Vosars) : Vosarno) Maximized Parameters |
1:1 1:1 DC Gain & R,
1:1 Independent UGF
7:2 7:20r2:7 Bandwidth & Dominant Pole
7:2 Independent Non-Dominant Pole

The upper limit on total current is set by the maxi-
mum allowable current. Thus, the range over which
the total current can be chosen is given by

4.5 ITail,min < [Total < Imax (28)
For this design, the numerical limits op.t,; is
90 pA < Irotr < 120 pA (29)

The effects of changing total current are shown
in Fig. ?? and 18. Fig. 16 suggests that increasing
the total current consumed by the opamp increases the
UGF significantly, with negligible compromise on the
phase margin. Around 30% increase in the total cur-
rent causes the UGF to increase by around 23%. A 7%
compromise on phase margin is also noticed. Fig. 17
however suggests that the DC gain of the opamp is
more or less independent of the total current when cur-
rent ratios are unchanged. An increase in bandwidth
is also noticed with increase in total current. From
Fig. 18 it may be stated that with the increase in cur-
rent, the output resistance of the amplifier falls with
improvement in transconductance. Their product be-
ing constant, the DC gain remains unaffected.

3.3.5 Selection of Current ThroughM4

Another scheme for investigating the effect of current
on the amplifier's response is to keep the tail current
fixed at its minimum level ¢ i) and vary the cur-
rent through transistor M4. It should be noted that the
current through CMFB transistors also have to be ad-
justed in order to keep the CMFB loop gain constant.

Combining (10) and (11) the total current drawn
by the opamp becomes

Irotar = 31(nra) (30)
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When trora = linaz, the upper limit on (4 is
reached.

Imax

Iivgy < (31)

As per [22], the smallest current which should flow
through M4 can be expressed in terms of minimum
tail current as

Iiaay 2 1.2170i0,min (32)

Therefore the limits on},4) can be summarized as

Imam

3

In this example, with 44 min = 20 pA and
lmaz = 120 pA, the numerical limits onh4) are

L2I7gitmin < I(na) < (33)

Fig. 19 shows the effect of changing /) keep-
ing the tail current constant. These graphs may also
be seen as portraying the effect of current distribution
at node A. Moving left to right on the X-axis of these
graphs, cascode load current increase wiithy lfixed.
It may be interpreted that a larger fraction pfyl; di-
verts into the cascode load as we move left to right
on X-axis. Similarly, when we move right to left, the
fraction of current flowing into the differential pair in-
creases. It can be concluded that as ratio of current in
differential pair to cascode branch increases, the volt-
age gain and unity gain frequency is improved sig-
nificantly with compromise on bandwidth and phase
margin (PM).

4 Performance Tuning
The initial design is carried out by allocating equal

drain to source drop across transistors M4 to M11.
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Node C should be allocated highest possible value for
the technology which allows an overdrive of around
5% of Vpp for the differential pair. The tail current is
set to kg, min, Which satisfies the slew rate and UGF
criteria. Current though M4 is set at 1.5 timgs;}.

All gate biases are allocated such that the overdrive
is around 5% of \hp. If the initial design does not
meet the design specifications, adjustments in node
voltages and current have to be carried out. The volt-
age and current distribution is altered and the devices
are re-sized.

4.1 DC Gain and Output ResistanceAdjust-
ments

For a given current level, the DC gain is maximized
when potentials at node A and B are kept at their mean
value, while potential at node C at its maximum pos-
sible value which keeps differential pair on. If further
increase in DC gain is desired, it may be achieved by
increasing the output resistance or amplifier transcon-
ductance. At fixed node potentials, output resistance
may be increased by reducing the load current keep-
ing tail current fixed (y o< 1/1p). In other words, de-
creasing (ys4) from 1.5k to 1.2kr,;. This causes
significant reduction in power dissipation along with
small increase in UGF. Due to reduced current level
in the load, transistor widths are reduced. This causes
an increase in resistance and decrease in parasitic ca-
pacitance, resulting to a simultaneous increase in DC
gain (A, x 1/R,,) and UGF (UGFx 1/Cr). DC
gain however remains constant if the overall current of
the opamp is increased proportionally. An increase in
transconductance of differential pair can be achieved
by either reducing their overdrive (increasg \or in-
creasing device width (w) by allowing more current in
differential pair (g, o« W/L ; g, & 1/V ).

Fine tuning of output resistance can be achieved
in a manner similar to that of DC Gain. \oltages at
node A and B are kept at their mean values while
that of node C is kept at its minimum value. The cur-
rent levels are also at their minimum level since this
supports smaller device width leading to large resis-
tance. The output resistance may also be increased
by increasing the lengths of the transistors in the cas-
code branch. lllustration on device length is presented
ahead.

4.2 Unity Gain Frequency Adjustments

The mean distribution of potentials at node A with
node C at its maximum value, fetches largest UGF for
a given current level. UGF is found to be independent
of the potential at node B. Current level plays a sig-
nificant role is deciding the UGF. Diverting a larger
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Table 7:
Overdrive = 5% of \f,, for all transistors

Bias Conditions to Maximize Performance Parameter maintaifingrg

= 1(1\44)/2 and

Maximized Parametef V4 | Vg | V¢ | Current Levels |

. I Tait = Tait mi
DC Gain mean(Mpp,Vour) | mMmean(My:,GND) | Ve maa Tail = 1Tail,min
l(ara) = 1.2 g
| =1 3

UGF mean(\bp,Vou) | Independent of ¥ | Vemae | MY maz/
I 7ait = a4y /1.2
. O.lVDD or |(]\44) :Imax/?’

Bandwidth Vout + (0.1Vpp) Vo

ot (Vout — (0.1Vpp)) T N pain = Ny /2

. I7ait = VTail.mi
Phase Margin Independent of \{ | Independent of ¥ | V¢ min Tail = Tail,min
l(va) = 1.2 lpair
OUtpUt ITail = ITaz'l min

. mean(\pp,V mean(\,:,GND V ; ’

Resistance ( ‘DD out) ( out ) C,min I(M4) =12 ITaz'l

I Tait = 1 Tait.mi
Trade-off mean(Vop,Vour) | mMean(\Vu:,GND) | Vomae | @ Taibmin
l(ar4) = 1.6 lraa

fraction of current from M4 into the differential pair
shows an increase in UGF. Increasing the overall cur-
rent also causes the UGF to increase significantly. It
is concluded that UGF can be maximized for a given
voltage distribution by allowing the circuit to consume
maximum total current and diverting most of the cur-
rent of M4 into the differential pair. For achieving
small increment in UGFl,;; could be fixed and cur-
rent through M4 be reduced towards 1:2).

4.3 Bandwidth and PM Adjustments

Due to opposite dependency op«®R, a trade-off be-

tween bandwidth and DC gain exists. To increase
bandwidth the potential at node B is either increased
to decreased from its mean position maintaining all
transistors in saturation. This does not affect the UGF
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since it is independent of ¥ (Fig. 7). If this adjust-
ment does not meet the bandwidth requirements, an
increase in total current, particularly in the cascode
branch, increases bandwidth (Fig. 19(a) and 17).The
potential at node C should only be decreased when se-
rious improvement in phase margin is required at the
cost of other AC performance parameters. Phase mar-
gin can also be improved by increasing,k, keeping

I4i; constant (Fig. 19(b)).

4.4 |ICMR and Output Swing Adjustments

The initial design is carried out keeping overdrive at
its minimum level. As discussed earlier, this allows
maximum ICMR and output swing. If ICMR and out-

put swing results can be relaxed, overdrive of transis-
tors M3, M4, M5, M10 and M11 can be increased. In-
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creasing overdrive of M4 and M5 pair should be given
higher priority than M6 and M7 pair. This is due to the
fact that M4 and M5 pair carry large current and their
sizes are usually large. An increase in their overdrive
would reduce their dimensions. Similarly, on the neg-
ative side, overdrive of M8 and M9 pair is increased
first. This causes reduction in their widths and thus in
parasitic capacitance at the output node. Although the
increased overdrive decreases thejy, gparasitic ca-
pacitance is reduced due to smaller transistors. Over-
drive increase should be such that ICMR and output
swing stays within acceptable limits. Moreover, di-
mension reduction leads to significant area saving.

4.5 Achieving Typical Trade-off

Simulation results suggest that a typical trade-off can

Rishi Todani, Ashis Kumar Mal

Thus, by setting node voltages as per DC gain max-
imization and increasing current proportionally until
maximum power dissipation is reached, both, DC gain
and UGF are maximized at the same time. Similar ob-
servation can also be made to maximize phase margin
and output resistance at the same time.

5 Channel Length SelectionGuide-
lines

The amplifier design presented so far used uniform
channel length for all transistors. As mentioned ear-
lier, in PDM, the designer is free for choosing any
channel length for any transistor. Some guidelines
on channel length selection may be found in litera-
ture. Fig. 21(a) and 21(b) show the variation ¢f g

be achieved when potentials at nodes A and B are kept and g, with channel length. The graphs shown are

in their mean positions, node C at its maximum allow-
able value, tail current at its minimum level angll

at 1.6lr,;;. This leads to an opamp with reasonably
good performance with UGF - bandwidth trade-off at
moderate power dissipation.

4.6 Preferred Method For Performance Tun-

ing
The first attempt to meet target specifications should
be by adjusting voltages at nodes A, B and C. Be-
fore increasing any current, it should be checked if
decreasing h,4) keeping .; meets the target speci-
fications. Only when these two procedures fail to meet
the specifications, the current through M4 or over-
all current may be increased. Increasing the current
through transistor M4 increases the power dissipation
of the circuit. Thus, any increase in performance pa-
rameter should be notably more important and signif-
icant than the price paid in terms of increased power
dissipation. A suggested flow for designing a fully
differential folded cascode amplifier is depicted in
Fig. 20.

Table 7 illustrates the node voltages and current
levels of a folded cascode opamp for maximizing a
performance parameter or settling for a trade-off. It
can be noticed that the DC gain and UGF can be max-

plotted for NMOS transistor with L=18@m. Simi-

lar plots can be generated for PMOS transistor. It is
clearly observed in Fig. 21(a) that,gis maximized
when channel length is around 1,3k.. The differ-
ential pair may thus be sized using 1,3}, to extract
high g,, from the amplifier. If an increase in output re-
sistance is desired, the length of the load branch tran-
sistors, particularly M6 through M9, can be increased.
The product g,r, of transistors M6 through M9 play

a significant role in deciding the amplifiers output re-
sistance.

Another parameter which is significantly affected
by channel length is noise. Simulation results re-
veal that the main contributors of noise in this topol-
ogy are the NMOS pairs M10-M11 followed by the
differential pair M1-M2. It is seen that M10-M11
pair contribute around 75% to 95% of the total noise.
With the increase in overdrive of these transistors, the
noise contributions are seen to increase. However,
a dip in noise contribution is seen when the length
of these transistors are increased. It is thus recom-
mended to keep the overdrive of M10-M11 small at
large lengths which leads to reduced noise and im-
proved output impedence and swing at the same time
(Noise o Overdrive/Length). Tabe 8 shows that as
the length of M10-M11 pair is increased, their noise
contributions decrease and hence total input referred
noise also decreases. It can be seen that upto around

imized at the same time by setting node voltages as per 3|, . the noise contributions reduce significantly.

DC gain maximization and current level as per UGF
maximization. This is due to two facts observed from
the graphs presented earlier. Firstly, node voltage re-
quirement for maximizing DC gain is a special case of
maximizing UGF. Secondly, the DC gain of the circuit
remains unaffected when currents through the differ-
ential pair and load branch is increased proportionally
(Fig. 17). This, however, increases the UGF (Fig. 16).
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When lengths of M10-M11 pair cross 3k, differ-
ential pair become a significant noise contributor.

6 Achieving Desired Response

Comparing Table 1 with 4, it can be seen that band-
width is the only parameter which is not met. As per
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-

V4 = mean (\jpp,Vout)
Vp = mean (Vout,GND)
VC = VC,mam
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ITait = Tail,min
l(ar4) = 1.5kraq
lemrs = Lagy/2
All gate overdrive = 5% of \bp
Pdiss < Pdiss,mam
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Figure 20: Preferred method for designing a fully differential folded cascode amplifier using Potential Distribution
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Figure 21: Effect of channel length on (a), gb) g,.r, for 180nm NMOS

Fig. 9, the bandwidth of the amplifier can be increased
by moving potentials at node A and B away from their

mean position. It is recommended to alter potential at
node B since this does not affect the UGF. Also, since
sufficient phase margin is noticed, an attempt to lower
the current through M4 keeping:J;; constant is con-
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sidered. Reduction iq]{M) also causesly rp to de-
crease. This leads to valuable power and area saving.
The DC bias conditions of the amplifier is thus mod-
ified as given in Table 9 and the final specifications
achieved is given in Table 10.

It can be seen that all performance parameters of
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Table 8: Noise contributions by M10 and M11 at 5%
overdrive

Transistor Noise Total Input
Length | Contribution| Referred Noisg

(nm) (mV) (uV+v/Hz)
180 231 744

350 1194 343.5

500 83.1 286.4

650 62.5 270.7

800 48.6 265.4
1000 47.6 262.8

Table 9: Bias Conditions at final design

Transistor | Vp | Vg Vs | Ve | Ip
VM1 V) (V) (V)] (rA)

M1,M2 |135| 09 |035| O 10
M3 0.35| 055| O 0 20
M4,M5 | 135 1.2 | 1.8 | 18| 24
M6, M7 0.9 | 0.625|135| 18| 14
M8, M9 0.9 | 1.075|0.45| O 14
M10,M11 | 0.45| 055 | O 0 14
M12,M13 | 1.2 | 12 | 1.8 | 18| 12

M14-M17| 1.2 | 0.9 |035| O 6
M18,M19 | 0.35| 055 | O 0 12

the amplifier is thus met with sufficient margins. It is
to be mentioned that the reduction in current level has
not only led to reduced power dissipation but also to
reduced area due to reduction in transistor widths of
transistors M4 through M19.

7 Conclusion

Potential Distribution Method (PDM) is a technology
independent, simple and quick design methodology
for designing analog circuits. Being free from com-
plex mathematical expressions, analog designers with
some basic knowledge on operating point (DC bias
point) of transistors, can design opamps with moder-
ate performance in a very short time using simulators.
PDM also provides a mechanism for performance tun-
ing when specifications of the circuit are precise. For
estimation of device geometry, it directly employs a
circuit simulator, which uses state-of-the-art MOS-
FET models like BSIM. The resultant design is guar-
anteed to work in first attempt. In this work, PDM is
applied for designing a fully differential folded cas-
code opamp using UMC 18Am CMOS process.
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Table 10: Final response of the amplifier
Performance Paramete SRes.ponse fg.r @:109 ¥
Desired| Initial | Final
DC Gain ({B) >55 | 61.39 | 65.22
Bandwidth Hz) >200 | 1479 | 116.6
UGF (MHz) >150 | 171.8 | 188
Phase Margin®( >60 | 67.29 | 62.09
ICMR~ (mV) <600 | 524 | 524
ICMR™ (V) >1.8 1.87 1.87
Output Swing (mV) <200 180 180
Output Swing (V) >16 | 162 | 1.62
Slew Rate V/us) > 100 100 100
| Totar (LA) <135 90 72
Power (W) <250 | 162 | 129.6
'”p“zf\‘;;f;;% Noise [ | 286.4 | 2446
CMRR (dB) - 300.8 | 299
PSRR (average)}B) - 259.3 | 232.8
Dom. Pole (R) (kHz) - 151.1 | 161.1
P, (MHz) - 417.25| 366.6
P; (GHz) - 1.519 | 1.484
Pole Zero DubletGHz) - 2.151 | 2.09
FOM; (MHzpF/mA) 120 190.8 | 261.1
FOM, ((V/us)pF/mA) | 80 111.1 | 138

Tuning capabilities and guidelines for meeting target
specifications like DC gain, UGF, bandwidth, output

resistance etc. are also illustrated. However, PDM
may not always result the best and fully optimized de-
sign in its present form. But surely, PDM is a fast

approach to realize analog circuits with good perfor-
mance which could be tuned further using traditional
methods to get optimum performance.
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