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desired common mode voltage and a test source was connected to the output
port. The single ended output impedance was then simply calculated by
dividing the test voltage over the test current as shown in Figure 14. From
Figure 14, it can be noted that the output impedance is much smaller than

input impedance which is desired when designing a voltage amplifier.

Figure 14: Output Impedance of the Amplifier

Settling Time and Slew

The settling time describes the time needed for the amplifier to reach
its desired output while the slew rate describes how fast the amplifier
reaches such level. To measure the settling time and slew rate, a voltage step
Is applied to the input and the single ended output is observed. From Figure
15, the settling time is measured to be 1.117ns and the slew rate is measured

to be 1.695x10° V/s. These are very reasonable values for the settling time
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and slew rate on the process technology used to simulate this (TSMC

250nm).
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Figure 15: Single Output Waveform Corresponding to a Step Voltage Input

Temperature Drift

Finally, to make sure that this amplifier topology can tolerate
temperature drift, the simulation temperature is varied across a wide range of
120°C. Figure 16 shows that due to temperature drift, the percentage change

in output common mode voltage is 1.6% which is very reasonable and

acceptable for this wide temperature range.
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Figure 16: Output Operating Point Variation due to Temperature Drift

From the previous discussion, it is noted that the folded cascode fully
differential self biased amplifier is very useful and has many desirable

characteristics that make it a viable option in designing analog circuits.

B. Derivation of the Amplifier Design

Equations

The second part of this research is to obtain the design equations
describing the amplifier performance in terms of gain and bandwidth. This
part consists of two main stages: the first stage is to provide a general
technique to derive equations for the gain and bandwidth for a general

complementary fully differential amplifier. The second stage is to apply this
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technique to the folded cascode fully differential self biased amplifier to get
its gain and bandwidth design equations and to verify the results of such

equations using circuit simulations.

Stage 1: Amplifier General Mathematical Modeling Technique

From the previous discussion, we saw that all the amplifiers used to
solve many design problems have the following characteristics. First, they
are complementary. This means that the amplifier has both the device and its
dual. For example, the input stage has both NMQOS pair and PMOS pair.
This increases the dynamic range of the amplifier operation because when
the signal exceeds the operating range of one device, its dual will be
functioning properly. Second, they are differential amplifiers. This gives the
amplifier topology more noise immunity and more differential mode
operating range. Consequently, this technique will analyze the family of

fully differential complementary amplifiers.

To get the gain and bandwidth, the derivation technique goes through
two steps. Step one is used to obtain the output resistance of the amplifier
while step two is used to obtain the overall transconductance of the
amplifier. These two pieces information, besides information about the
dominant capacitance, can be used to get the overall amplifier gain and
bandwidth. Step one starts with getting the half circuit model for the
amplifier. Basically, the half circuit model means to analyze only half of the
circuit. This is only enabled by the symmetry of the amplifier design, thus
making the analysis procedure for the positive input similar to the analysis

procedure for the negative input. Utilizing the half circuit mode will make
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further circuit simplifications easier. Next, input devices, bias devices and
tail current devices are replaced by their equivalent output resistance (r,).
This can be done because these devices are connected to AC signal ground,
thus deactivating the transistor’s current sourcing capabilities and making
the device a simple resistance. If the amplifier design contains any diode
connected devices, they can be replaced by their equivalent resistance. This
equivalent resistance is basically the device output resistance in parallel with
the inverse of the device transconductance. In most cases, the device output
resistance is much greater than the inverse of the transconductance. Thus,
the equivalent resistance of a diode connected device can be simplified to be
the inverse of the device transconductance. All of these resistances can be
combined into only one larger resistance connected in parallel to the output
devices. Due to the complementary nature of the amplifiers under
investigation, this large resistance can be divided into two resistances: the
first is associated with the NMOS output device and the other is associated
with the PMOS output device. This division has to take the relative driving
strength of the PMOS and NMOS devices into consideration. Next, each
output branch can then be treated as common source amplifier with
degeneration resistor for which the output resistance can be easily
calculated. Finally, the two output resistances for the two common source
amplifiers are combined in parallel to get the overall output resistance for

the amplifier. Figure 17 describes this process.

The second step is used to obtain formulation for the overall amplifier
transconductance. It starts with obtaining the half circuit model for the
amplifier. Next, each device is replaced with its equivalent model. In this

case, the input devices are replaced with voltage controlled current sources
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parallel with their output resistance. All other transistors are treated exactly
as was done while calculating output resistance. After doing the necessary
simplifications, the total current flowing in the output branch due to the
input devices is then calculated. This is done using the current dividers and
superposition principles. Finally, the transconductance can be obtained by
dividing the overall current in the output branch over the total input voltage

applied to the input devices. This process is illustrated by Figure 18.
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Figure 17: Steps for Obtaining Formulation for the Amplifier Output Resistance
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Figure 18: Steps for Obtaining Formulation for the Amplifier Overall Transconductance

In order to get the overall amplifier gain, the expressions for the
amplifier output resistance and overall transconductance are multiplied. As
for the bandwidth, the total output resistance expression can be used along
with the information about the total dominant capacitance for the amplifier

to obtain a detailed expression for the amplifier bandwidth.
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Stage 2: Mathematical Modeling Procedure for the Folded Cascode
Fully Differential Self Biased Amplifier

After discussing the general algorithm to obtain expressions for the
amplifier gain and bandwidth, it will be applied to the folded cascode fully
differential self biased amplifier. To compare the difficulty of the proposed
scheme versus the direct modeling technique, the direct modeling technique
is described briefly. It starts using the small signal model for the transistors
shown in figure 19 to derive equations for the gain and output resistance of
the amplifier. This model includes the effects of the ideal transistor, the
channel length modulation, and the body effect. However, the body effect is

out of scope of this work and hence it won’t be included in upcoming

analyses.
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Figure 19: Small Signal Transistor Model [1]

This model can be used to replace all the transistors in the folded
cascode amplifier and the interactions between the different devices were

analyzed. This model enabled the use of basic circuit analysis techniques to
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calculate the gain and output resistance of the amplifier. In order to derive
the frequency response for the circuit, this model can be updated to include
the device parasitic capacitances. These parasitic capacitances are
represented by a lumped capacitor element between the terminals with such

parasitic components.

However, using the transistor model introduced in Figure 19 will
produce a very complicated model for the overall Op-Amp since there are 22
devices in the circuit. Consequently, the new proposed technique is used to
get the amplifier’s design equations. Following the steps outlined in the
previous discussion, the model went through a series of simplifications that

facilitated the process of finding the required parameters.
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Figure 20: Half Circuit Model for the Fully Differential Self Biased Folded Cascode Op-Amp
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Figure 20 shows the half circuit simplification for the folded cascode
Op-Amp. It will be used to get the overall trans-conductance (G,,) of the
amplifier and the overall Op-Amp output resistance (Roy). The overall
circuit differential gain is simply twice the multiplication of these two
quantities A,=2G,, Roy. The factor 2 is introduced because only half of the

circuit was analyzed using the half circuit model.

To get the output resistance of the amplifier, the AC input signal (V;,)
Is disabled (AC ground) and resistance seen from the output port is
calculated. Starting from the half circuit model outlined in Figure 20 in
addition to assuming the bias point can be considered an AC signal ground
(this will be verified though simulations), the resistance at point ‘a’ of
transistors M18, M19, and M8 can be represented by their output resistance
ro. The main advantage of the previous assumption (bias point is ac signal
ground) is that it can simplify the analysis procedure through deactivating
the internal current sources of the bias transistors; thus, a transistor can be
represented by its output resistance only. These resistors can then be
combined in parallel to get the resistance ‘R,’ at the folding point ‘a@’. The
same can be done to transistors M1, M2, and M14 to calculate the resistance
‘Rg’ at point ‘b’. Next, each of the diode connected transistors M6 and M12
can be modeled by the parallel combination of their output resistance and the

inverse of their transconductance ‘Rnq’ and ‘R,q4’, respectively.

After that, it can be noted that R, and Rg can be combined in series as
well as R, and Ryqg. These equivalent resistors can be combined in parallel to

get the total resistance seen between points ‘a’, and ‘b’.
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Finally, this total resistance can be divided into two degenerative
source resistances in series with the two output transistors M7 and M13. The
relative current driving capabilities of NMOS and PMOS have to be taken
into consideration such that the weaker device is connected to the higher
resistance and vice versa. By doing this, the total amplifier output resistance
Is the parallel combination of the resistances seen from a common source
stage with a degenerative source resistance. This process is depicted in

Figure 21.

Self Bias
Point |

Figure 21: Simplification Steps for Output Resistance Calculation

Next, using the proposed simplification technique, as shown in Figure

22, the overall transconductance of the amplifier can be obtained as follows.
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Figure 22: Simplification Steps for Transconductance Calculations

To get the amplifier total transconductance, the input devices M8 and
M14 are replaced with their small signal model (voltage controlled current
source) and the electrical current at the output branch is calculated relative to
the input voltage. The same assumption of considering the bias signal as AC
signal ground is used. This is valid because achieving amplification requires
that most of the signal is transmitted through the output devices not to the
diode connected bias transistors. At point ‘a’, the output resistances of
devices M18, M19, and M8 are combined in parallel to produce Rp.
Similarly, the output resistances of devices M1, M2, and M14 can be

combined to produce Ra.

Next the resistances seen across the two diode connected transistors,
M6, and M12, are combined in series to get the total resistance of the branch
‘B’. After this, the output devices, M7 and M13, are replaced by their
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equivalent resistance. This is simply the resistance seen from the source of a
common gate amplifier which is the parallel combination of the output
resistance and the inverse of the transconductance of the MOS transistor.
The resistance of branch ‘C’ is simply the series combination of the two

common gate amplifier output resistances.

Finally, using the superposition and current division principles, the
total current in the output branch can be calculated. Hence, the overall

transconductance is simply the ratio of this current to the input voltage.

Next, the frequency response is analyzed. A simple method to get the
frequency response is to assume that there is a pole associated with every
node in the circuit where both a capacitor and a resistor are assumed to be
connected. In this Op-Amp circuit, one can note that there are two poles: one
at the folding node and another at the output node with the pole at the output
node being dominant [19]. Consequently, the bandwidth of the circuit can be
obtained by calculating the value of this dominant pole which can be
determined from the time constant at this point. Thus, at the output node, the
time constant is the multiplication of the output resistance calculated in the
previous part and the total capacitance seen at this node which is the total

capacitance seen from the drain terminals of both the output devices.

After getting the mathematical model, it has to be verified using
circuit simulation. Here, the Op-Amp was implemented on a circuit
simulator and different simulations were run to verify the results derived
from the theoretical analysis. These simulations included DC operating point
simulation, time domain simulations, and frequency response simulations.

The DC operating point was used to get the device parameters for each
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Re 30.072 KOhm
Rp 3.6516 KOhm
R 1.27 GOhm
C 1.29x10°
Gm 3.88x10°

From the previous two tables, it was obtained that the total amplifier

gain is equal to

A=2G R . =2x3.88x10" x1.37x10° =106.62V /V =40.56dB

m " “out

As for the amplifier bandwidth, the quantities in table 4 can be used
here as well because these are technology parameters. Using the information
represented in table 4, the output capacitance and the bandwidth can be

obtained to be equal to

Cout =Coliuos +Co| oo =9-85x107°F

ou PMOS

NMOS
BW=1/(27RuCou)=11.79%10° Hz

To verify this information, the other two simulations were run. First to
validate the value for the amplifier low frequency gain, time domain
simulation is performed and the differential gain is measured to be equal to
40.97dB which lies within 1% error from the calculated value. Second,
frequency domain simulation is performed to verify the gain, and bandwidth
of the amplifier. The bandwidth at the 1.5V operating point with small
output devices is 12.6MHz. This result has an error around 7%. As discussed

earlier, this large error due to that fact that the bandwidth calculations are
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considered for the worst case condition. Table 14 summarizes the

aforementioned results.

Table 14:

Comparison Between Simulation and Analytical Results at Different Operating
Points for TSMC 250nm Technology

Operating Ouantit
uanti
Conditions Y
Output _
_ Total Gain BW
Resistance
Calculated 0.909MOhm 40.26dB 17.78MHz
DC=1.5V )
Simulated - 40.36dB 19MHz
Input=1mV
Error - 0.25% 6.86%
Output _
_ Total Gain BW
Resistance
Calculated 0.959MOhm 41.29dB 16.85MHz
DC=1.25V )
Simulated - 41.58 18MHZ
Input=1mV
Error - 0.70% 6.39%
Output _
_ Total Gain BW
Resistance
Calculated 0.952MOhm 40.98dB 16.96MHZ
DC=1.0V )
Simulated - 41.4dB 18MHz
Input=1mV
Error - 1.02% 6.13%
( )|
L 0 )




TSMC 350nm Fabrication Technology

Mid-Rail Operating Point

The three aforementioned types of simulations were repeated for the
TSMC 350nm Fabrication Technology. Table 15 shows the results of the

DC operating point simulation at the mid-rail voltage operating point.

Table 15:
DC Operating Point Simulation at Mid rail operating point for TSMC
350nm Technology

Device R, (KOhm) Om

M18 10.2526 Not Required
M19 10.2526 Not Required
M8 1049.9 237.2622x10°
M1 8.0388 Not Required
M2 8.0388 Not Required
M14 862.1308 173.3434x10°
M6 1961.700 105.77x10°

M12 1159.900 89.9243x10°
M7 1961.700 105.77x10°

M13 1159.900 89.9243x10°

This information is then plugged into the aforementioned equations
for the amplifier’s total output resistance and total transconductance to

obtain the results described in Table 16 and Table 17.
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Table 16:

Results for Amplifier’s Total Output Resistance at Mid-rail

Operating Point for TSMC 350nm Technology

Quantity Result
Ra 4.0007 KOhm
Rp 5.1014 KOhm
Rnd 9.4091 KOhm
Rpd 11.0149 KOhm
R 6.2962 KOhm
N 0.4175
Rint 1546.1204 KOhm
Rinz 2509.7107 KOhm
Rout 956.7250 KOhm

Table 17:

Results for Amplifier’s Total Transconductance at the Mid-rail

operating Point for TSMC 350nm Technology

Quantity Result

Ra 4.0007 KOhm
Rg 20.4240 KOhm
Rc 20.4240 KOhm
Rp 5.1014 KOhm
R 788.9434 MOhm
C 2.4132x10°
Gm 4.9287x10"

——
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From the previous two tables, it was obtained that the total amplifier

gain is equal to

A=2G R . =2x4.9287x10"° x0.9567 x10° =94.3081V /V =39.49dB

m” “out

As for the amplifier bandwidth, Table 18 shows the details needed to

get the total output capacitance.

Table 18:
Device Characteristic Capacitances for TSMC 350nm Technology
Quantity NMOS PMOS
Junction Capacitance (C,;) 1.003925x10° 1.433541x10°
Side wall Capacitance 10 10
3.505428x10 4.291576x10°
(CJSW)
Gate Side wall Capacitance 10 10
1.82x10° 4.42%x10°
(CJSWG)
Diffusion Length (Lp) 2.9744x10™ 0.0
Co 2.66x10™ 0

Using the information represented in table 18, the output capacitance

and the bandwidth can be obtained to be equal to

Cout = Col o +Coloygs = 2.55x107°F

out PMOS

NMOS

BW=1/(27RouCou)=62.43%10° Hz

To verify this information, the other two simulations were run. First to
validate the value for the amplifier low frequency gain, time domain

simulation is performed and the differential gain is measured to be equal to
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39.82dB which lies within 1% error from the calculated value. Second,
frequency domain simulation is performed to verify the gain, and bandwidth
of the amplifier. The bandwidth at the 1.25V operating point with small
output devices is 67.37MHz. This result has an error around 7%. As
discussed earlier, this large error due to that fact that the bandwidth

calculations are considered for the worst case condition.

TSMC 180nm Fabrication Technology

Mid-Rail Operating Point

The three aforementioned types of simulations were repeated for the
TSMC 180nm Fabrication Technology. Table 19 shows the results of the

DC operating point simulation at the mid-rail voltage operating point.

Table 19:
DC Operating Point Simulation at Mid rail operating point for TSMC
180nm Technology

Device R, (KOhm) Om
M18 6.0706 Not Required
M19 6.0706 Not Required
M8 366.5146 450.9513%10°
M1 4.0946 Not Required
M2 4.0946 Not Required
M14 630.7775 240.5597x10°
M6 733.3314 204.7059x10°
M12 1065.100 129.1086x10°®

64

——
| —



M7 733.3314 204.7059x10°®
M13 1065.100 129.1086x10°

This information is then plugged into the aforementioned equations
for the amplifier’s total output resistance and total transconductance to

obtain the results described in Table 20 and Table 21.

Table 20:
Results for Amplifier’s Total Output Resistance at Mid-rail
Operating Point for TSMC 180nm Technology

Quantity Result
Ra 2.0407 KOhm
Rp 3.0104 KOhm
Rnd 4.8527 KOhm
Rpd 7.6895 KOhm
R 3.6009 KOhm
N 0.6802
Rint 1103.484 KOhm
Rin2 1224.591 KOhm
Rout 580.4437 KOhm
Table 21:

Results for Amplifier’s Total Transconductance at the Mid-rail
operating Point for TSMC 180nm Technology

Quantity Result
Ra 2.0407 KOhm
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Rs 12.5422 KOhm
Rc 12.5422 KOhm
Rp 3.0104 KOhm
R 284.0103 MOhm
C 6.5083%x10°°
Gm 8.1629x10”

From the previous two tables, it was obtained that the total amplifier

gain is equal to

A=2G R, . =2x8.1629x10"° x0.5804x10° = 94.761V /V = 39.53dB

m’ “out

As for the amplifier bandwidth, Table 22 shows the details needed to

get the total output capacitance.

Table 22:
Device Characteristic Capacitances for TSMC 180nm Technology
Quantity NMOS PMOS
Junction Capacitance (C;) | 9.513993x10™ 1.160855x10°
Side wall Capacitance 10 10
2.600853x10° 2.306564%10°
(Cisw)
Gate Side wall Capacitance 10 10
3.3x10° 4.22x10°
(CJSWG)
Diffusion Length (Lp) 1.7015x10°® 2.7181x10®
Co 3.04x10" 6.85
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Using the information represented in table 22, the output capacitance

and the bandwidth can be obtained to be equal to

Cout = Col e + Coloyes =3.04x107%° +6.85x107*° =9.892.55x10 °F

ou PMOS

NMOS
BW=1/(27RouCou)=27.71x10° Hz

To verify this information, the other two simulations were run. First to
validate the value for the amplifier low frequency gain, time domain
simulation is performed and the differential gain is measured to be equal to
39.79dB which lies within 1% error from the calculated value. Second,
frequency domain simulation is performed to verify the gain, and bandwidth
of the amplifier. The bandwidth at the 1.25V operating point with small
output devices is 29.75MHz. This result has an error around 7%. As
discussed earlier, this large error due to that fact that the bandwidth
calculations are considered for the worst case condition. Table 23 shows a

summary of the results across the tested fabrication technologies
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Table 23:

Comparison Between Simulation and Analytical Results at different process

fabrication technologies

Operating Ouantit
uanti
Conditions Y
Output _
_ Total Gain BW
Resistance
Calculated 0.5804 MOhm 39.53dB 27.71 MHz
TSMC 180nm )
Simulated - 39.79dB 29.75 MHz
DC=1.25V
Error - 0.65% 6.85%
Output _
) Total Gain BW
Resistance
Calculated 0.959MOhm 41.29dB 16.85MHz
TSMC 250nm )
Simulated - 41.58 18MHZ
DC=1.25V
Error - 0.70% 6.39%
Output _
) Total Gain BW
Resistance
Calculated 0.9567 MOhm 39.49dB 62.43MHZ
TSMC 350nm )
Simulated - 39.82dB 67.37MHz
DC=1.25V
Error - 0.83% 7.3%
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V. Results Discussion

In the previous sections, the importance of amplifier design was
established. This was due to the versatility and wide spread usage of the
operational amplifiers in several applications. Several basic topologies were
introduced along with their advantages and disadvantages. However, many
applications demand higher performance than that provided by these basic
amplifiers. Consequently, several advanced topologies were introduced to
further enhance the performance of such basic amplifiers. The advanced
operational amplifiers offered a sufficient solution to many applications but
in the same time, other design issues emerged that made the design problem
much more complicated. These design issues include process variability
tolerance, biasing issues, and complexity of the amplifier design equations.
Several attempts were made to come up with an efficient amplifier topology
that minimizes the effects of these issues. The fully differential self biased
folded cascode amplifier was introduced as an instance of the family of self
biased fully differential amplifiers. This amplifier topology was
characterized to make sure that its design properties fit the criteria needed to
counteract the described design problems. Several quantities were obtained
to establish the usefulness and superiority of such topology. These quantities
included the amplifier CMRR, PSRR, CMR, temperature drift, and input and
output impedances. This fully differential self biased folded cascode
amplifier possesses a unique feature of being self biased. The amplifier uses
the replica chains self biasing technique introduced by Abdelmoneum et al.
[25]. This technique simply replicates the output devices and uses these

replicated devices to bias the internal amplifier points. This self bias
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technique helps solve several design problems such as external supply
voltage variations and manufacturing process variability. First, external
supply poses the issue of supply noise and the need for larger packages to
accommodate for the input pins. Also, the process variations always pose a
challenge during the design process because the bias point needs to change
in accordance with the process variations. The replica chains biasing
technique eliminated these problems. Being an internal point in the
amplifier, the need for external power supplies is eliminated. In addition, the
internal bias point changes with process variations like any other internal
node in the amplifier thus making the self bias point adapts to the process
variation. To prove the usefulness of this amplifier, it was used to design an
oscillator circuit for MEMS devices as described in [26]. This application
tested the self bias feature of the amplifier because the oscillator design
mandates that the amplifier changes its gain and, in turn, its operating point.
Hence, a conventional external biasing solution would have been very

tedious.

After proving its usefulness, the fully differential self biased folded
cascode amplifier is used to test the technique of obtaining the design
equations for the family of the complementary differential amplifiers. The
amplifier gain and bandwidth were analyzed and detailed design equations
for the total amplifier resistance, total amplifier transconductance, and total
amplifier output capacitance were obtained. These design equations were
then simplified and special cases were discussed. In the previous section, the
results of applying the design equation to a realization of the described
amplifier were compared to simulated data across different operating points,

devices sizes and fabrication processes. The design equations were proved to

70

——
| —



be accurate to within 1% error for the gain and within 7% for the bandwidth.
The reason for the relatively high error percentage for the bandwidth is that
the equation for the overall output capacitance did not include the effect of
inverse bias on the device junctions. Thus, the resulting equation will always
describe the worst case capacitance and hence the calculated bandwidth will
be always lower than its simulated value. This inaccuracy cannot be
considered a critical issue because the resulting bandwidth will be always
lower than the actual bandwidth. Hence, if the design equations can meet the
specifications on bandwidth, the actual bandwidth will be slightly higher and

the design specification will still be met.

Being proved accurate, the obtained formulations can be utilized in
many applications. First, during initial design phases, circuit designers
usually require relatively simple and efficient design equations for the circuit
under investigation. This enables them to predict how the design will
perform under certain operating conditions. Consequently, the described
derivation technique enables the designer to quickly derive the design
equations for any complementary fully differential amplifier. Also, this work
gives detailed application of such derivation technigue on the fully
differential self biased folded cascode amplifier. Hence, if needed, these
equations can be directly used to design folded cascode amplifiers easily and
accurately. In addition, several simplifications and special cases were
analyzed thus enabling the designers to use the simplified equations to
quickly gain insight about their amplifier design, whether it can achieve the
design requirements or not, before getting into more detailed analysis of the

design.
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Second, this technique can be incorporated into software design kits in
order to facilitate amplifier design process. This is because this work has
proposed a general technique to obtain the design equations for the family of
differential complementary amplifiers. Consequently, the designer may only
need to draw the amplifier schematic, and input it to a software simulator
then the software will be able to analyze the topology and return the design
equations that the designer can directly use to gain insight into his/her
design. Also, in case of designing fully differential self biased folded
cascode amplifiers, the software can directly use the equations derived here
to simulate the performance of the amplifier without going into more

complex or more lengthy calculations.
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V1. Conclusion

In the previous discussions, some Op-Amp architectures and a few
techniques to eliminate the problem of biasing were introduced. This
research focused on the family of fully differential complementary
amplifiers to derive the equations for the amplifiers gain and bandwidth.
The folded cascode fully differential amplifier was introduced as an instance
of this family. Its self biasing technique, replica chains, was introduced and
the amplifier was characterized to prove its usefulness. Then, it was used in
an oscillator design to prove that the replica chain biasing technique is
capable of adapting to the change in the amplifier operating point. A new
mathematical model, which is based on the outlined derivation technique,
for the folded cascode amplifier was introduced to calculate the Op-Amp
parameters such as voltage gain, and operating bandwidth using information
about the amplifiers’ total output resistance, total transconductance, and total
output capacitance. These models were then verified using circuit

simulations and verified to be within acceptable error percentages.

Furthermore, several special case simplifications were introduced to
facilitate handling the model if the conditions for the simplifications are met
In a certain design. The outlined derivation can become a very important tool
for circuit designers to help them achieve their design goals efficiently
without wasting time in trial and error phase. Also, this derivation can be
incorporated to a circuits software design kit to help the designers
characterize the designed any full differential complementary amplifier in
general or fully differential self biased folded cascode in specific.

73

——
| —



One recommendation to further develop the mathematical model is to
include the effects of short channel effects in the derivations. This is because
the derivation proved accurate for devices with relatively large sizes as their
models are well understood, documented, and incorporated in most of the
circuit simulators. However, as fabrication technology becomes smaller and
smaller, these above formulations can be used as a guideline or an initial
design step that provides an approximation for the circuit behavior which
will minimize the time required for designing the amplifier compared to trial
and error techniques that are used at the moment. Thus, such short channel

derivation expansion can be very useful to both researchers and designers.

In the end, these mathematical formulations, besides their
corresponding amplifier topology, are proved to be very helpful to analog

circuit designers whenever a stable self-biased amplifier is needed.
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VII. Appendices

A. Appendix A: Model Simplifications and
Special Cases

In the aforementioned discussion, a hyppthetical special case of
interest was considered. It was the case of the symmetric complementary

circuit. These set of characteristics can represented by the following set of

equations
Foms = Tom7 = Tomiz = Tomz =T (A1)
Omms = Inm7 = Inmiz = Immis = I (A2)
W, = 1\W, (A3)

Equation Al simply states that the NMOS devices in the output stage
have the same output resistance as well as the PMOS devices. Furthermore,
it states that both NMOS and PMOS devices have the same output resistance
due to the complementary nature of the design. Equation A2 states the same
but for the device transconductance. In addition, equation A3 mandates that
both NMOS and PMOS devices have the same current driving strengths.
Applying these conditions to the amplifier output resistance equations will

result in the following equations.

I (A4)




1 (A5)

de = Rnd = gm
2 (A6)
R=(R,s + RyII(R, +Rg)= . |Ir,
3 2r,
S 2+40,5,
N = ’MPWP :1 (A7)
uW, +u W, 2
Rinl = in2 = Rin = [%.}.1} ro (A8)
2
| 2+2r,9, .
2+r49, |’
. A9
R, - R, :{1+ rg, }ro (A9)
2 2+r,0,

Equation A9 presents the end results of the series of simplifications.
As was noted, this means that for high values of device transconductance,
the total output resistance will only depend on the device output resistance

itself in the case of full complementary and symmetric design.

As for the total amplifier transconductance, Equation A10 presents the
simplification results due to the complementary design. It states that both
PMOS and NMOS devices are having the same current driving capabilities

and thus having the same device transconductance

Omms = 9mmaia (AlO)
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R, =R, = (gij (A11)
R, = R, :%0 (A12)

R=(Rg +Rc)(Ra+Rp +RglIR¢)

(e ey A
Jn On On
C: RAgm,Ml4+ Rng,MS
R R
) rgt (A14)
4Q+r,g,)
G —CR, = "oOn Al5
=R =i rg,) (AL5)

Equation A10 can then be followed by the series of simplifications
outlined by Equations A1l through Equation A15. Therefore, the overall
gain can finally be represented by Equation A16

2
A=2G R, - odn {1+rogm}ro
20+r,g,)| 2+r,9,
2 (Al6)
(A
(2+r,9,)
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B. Appendix B: Transistor Sizing tables

Figure B1 shows the amplifier topology used during this work.

7

M18

M19

M20
IE' Vout,

M21

M22

—L —L 7" I |
O = A
M12 M13 M16 M17
M6 M7 M10 M11
b b 4
_“_1 —] | I
M1 M2 M3 M4 M5
~+ .
Figure B1: Folded Cascode Amplifier Revisited
Normal Device Sizes
Table B1
Device Sizes for the Normal Operation
Device Size (WI/L)
M1 2.5
M2 2.5
M3 5
M4 2.5
M5 2.5
M6 2.5
M7 2.5
M8 5
M9 5
M10 2.5
M11 2.5
M12 5
M13 5
(=)




M14
M15
M16
M17
M18
M19
M20
M21
M22

= = e
(SIS, B =3, I3, 3, 3 = =

Small Device Sizes

Table B1
Device Sizes for the Normal Operation
Device Size (W/L)

M1 2.5
M2 2.5
M3 5
M4 2.5
M5 2.5
M6 1.25
M7 1.25
M8 5
M9 5
M10 1.25
M11 1.25
M12 2.5
M13 2.5
M14 10
M15 10
M16 2.5
M17 2.5
M18 5
M19 5
M20 10
M21 5
M22 5
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