











In addition to the figures presented here, more information has been collected on the rela-
tionship between the bandwidth and the drain current. For the maximum and minimum bandwidth
of the stage at increasing drain current, Figures 7.12 and 7.13 as well as Tables 7.4 and 7.5 should

be referenced (These figures are at the end of Chapter 7).

Bandwidth of the Composite Cascode Stage at 100n#
] Subthreshold Weak Moderate Strong
e

Strong . Moderate

Figure 7.3: From left to right is the bandwidth of the composite cascode stage at 100nA, 700nA,
and 2uA. Each plot is shown on the same scale to help visualize the change in bandwidth vs. drain
current. These plots are shown small here, but larger versions are available in Appendix C.

7.1.3 Overall Noise vs. Drain Current

Overall noise has been plotted at 100nA, 700nA, and 2uA in Figure 7.4. Two factors
contribute to the locations of the maximum noise. First, noise is highest at higher values of gain so
the plots look similar to those for gain shown in Figure 7.2. Second, noise is maximized when the
area of the channel is small. When M/ has a value of % = 1 the noise is very large. This is why
the peak appears when M is in the moderate inversion region for 100nA and moves into the strong
inversion region for Ip = 2 A. Noise can be minimized by choosing larger dimensions for M| and
by reducing the gain of the composite cascode stage.

In addition to the figures presented here, more information has been collected on the rela-
tionship between the total noise and the drain current. For the maximum and minimum total noise
of the stage at increasing drain current, Figures 7.14 and 7.15 as well as Tables 7.6 and 7.7 should

be referenced (These figures are at the end of Chapter 7).
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Figure 7.4: From left to right is the total noise of the composite cascode stage at 100nA, 700nA,
and 2uA. Each plot is shown on the same scale to help visualize the change in total noise vs. drain
current. These plots are shown small here, but larger versions are available in Appendix C.

7.2 The General Design Methodology

Now that gain, bandwidth, and total noise of the composite cascode stage have been con-

sidered in detail, the design methodology can be outlined. The general design process is:

1. Choose a specific current draw for the composite cascode stage.

2. Select a value of IC; and /C, from the charts provided based on the desired operation of the
stage.

3. Solve for the technology current (/) from Equation (2.2) using parameters from the target
MOSFET technology.

4. Find the width to length ratio from Equation (2.3).

5. At this point the ratios of M and M, have been selected. Extending the stage to the compos-

ite cascode loaded stage is very simple with Equations (3.2) and (3.3).

6. Finally, if a differential stage is desired, the following equalities are used:

« Wi _Ws
L Ls
« W2 _ Ws
L Le
e M _ W
Ls Ly
o« Wa _ W
L, — Ig
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7.3 Example Design of an Operational Amplifier

Presented in the next few sections is an operational amplifier for biomedical applications
designed using the design methodology described above. Ideal current sources are used to simplify
the design and show the behavior of the composite cascode input differential stage and voltage
amplification stage (VAS). A few of the general parameters such as open loop gain, unity gain

bandwidth, gain bandwidth product, phase margin, and gain margin are then discussed.

7.3.1 Design of the Differential Input Stage

According to the steps given in the previous section, the design of a composite cascode
stage starts with the selection of the drain current. In order to reduce the power dissipation and
increase the maximum gain, the drain current for the stage was chosen to be 100nA. In addition
to the drain current I chose a single sided voltage supply of +5 volts with the negative supply
being ground. Since I am designing this example circuit for high gain, I chose IC; = 5.6 and
ICy = 0.0005 from Figure C.1 in Appendix C.

The technology current of M| and M, can be found now that we know the inversion level
of both devices. Using the drain current of 100nA, Iy; = 254.61nA, Iy, = 280.94nA, IC; = 5.6,
and /C, = 0.0005, the width to length ratio of both devices can be found using Equation (2.3). The
resulting circuit and the plot of gain vs. frequency is shown in Figure 7.5. The value of Vp;4; is set
so that the value of Vg from the drain of M, to the source of M; is 2.500V.

At this point steps 1 —4 have been completed. The gain of the stage is very high at A ~
102dB. In order to continue the design of the operational amplifier, the single-ended, current
source loaded, composite cascode stage must be expanded to include a composite cascode load.
Calculating the dimensions of M3 and My is very straight-forward. Since we know the dimensions
of M| and M;, M3 and M, can be found through the ratio of the electron to hole mobility as shown

in Chapter 3. Using a 4, = 513.5602¢% and a 1, = 253.608 &=, the dimensions of M3 and M,

W3 _ 2um Wy _ 2000um
Ly = 10um and Ly —  lum -

are found to be At this point, the schematic shown on the left in
Figure 7.6 was simulated and the resulting output is shown on the right. Vp;, 1s left constant, and

VBias2 1s set so that 100nA is supplied to the gain stage and the value of Vpg from the drain of M,

62



Gain vs. Frequency (Part 1)
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Figure 7.5: A schematic of the composite cascode stage with the dimensions of the devices is
shown on the left and a plot of the gain vs. the frequency is shown on the right.

to the source of Mj is 2.500V. As expected, the gain is about % of the single-ended, current source
loaded stage.

Mirroring the single-ended composite cascode stage results in the differential stage. The
P-Type devices are connected in a composite cascode current mirror, and the drain current is set
by the ideal current source Ip in the schematic shown on the left in Figure 7.7. The values of
VBias+ and Vpi,s— are equal. The gain stays constant in the transition from the single-ended to the
differential stage although the corner frequency does drop by a little.

The differential stage with a composite cascode mirror load has been designed. High gain
(94dB) and low bandwidth (412mH?z) characteristic of an input stage has been achieved. At this
point the VAS can be designed.

7.3.2 Design of the Voltage Amplification Stage

In order to design an effective VAS, the bandwidth should be higher and the gain should be
lower. In order to get higher bandwidth I selected a drain current of SuA. This level of drain current
should provide good bandwidth according to Figure 7.12. Since relatively high bandwidth is seen

at the lower right hand corner of the IC vs. bandwidth chart, I chose values of IC; = IC, = 438.
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Figure 7.6: A schematic of the composite cascode stage with the dimensions of the devices is

shown on the left and a plot of the gain vs. the frequency is shown on the right.
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Figure 7.7: A schematic of the composite cascode stage with the dimensions of the devices is
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shown on the left and a plot of the gain vs. the frequency is shown on the right.
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Although this is a very high value for /C, the level of the drain current is large enough to require
deep strong inversion operation for lengths longer than widths. The resulting circuit, with an
added unity gain output buffer stage, is shown in Figure 7.8 and the open loop gain vs. frequency
simulation is shown in Figure 7.9. Also included is the phase vs. frequency simulations to show

the good phase margin (= 80°). Finally, the results of the design are shown in Table 7.1

A{vob -
Wa _ 2um = | W _ 2um
T “jopm  M3| M7 T =Toum
o= 5uA
Wa _2000um | | Ws _2000um Wi11_1000
Lo tum M4 M8 g ="qum Tt
| M1
Mo Wz _We_1000um g W 1 Vout
L2 " Le = 1pm Mo F?:_L20pnr:1
Ip= 10pA
Vin- Wi _Ws _ 1pm. Vin+
M1 =1 =7oum Ms Mo We_ tum
° Lo _20um
— \/Bias. VBias+ —
I Ip = 200nA
L L

4 4 4 hd

Figure 7.8: The final example op-amp used in explaining the composite cascode design methodol-
ogy.

Table 7.1: A table showing the results of the example design using the design methodology for
composite cascode stages.

Parameter Value
Open Loop Gain 104dB
f—34p Point 0.403Hz

0 dB Crossover 40.7 kHz
Phase Margin 80°

Gain Margin -26 dB at 575kHz
Unity Gain Bandwidth 146kHz
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Gain (dB) and Phase Margin (deg)

Figure 7.9: The simulation results from PSPICE for the circuit shown in Figure 7.8.

7.4 Summary

This chapter has presented three main ideas. The first is the relationship between the be-
havior of the composite cascode stages and the drain current. This information is then used in
addition to that presented in Chapters 4, 5, and 6 to introduce the design methodology for compos-

ite cascode stages with the design charts. Finally, an example operational amplifier was designed

Op-Amp Output vs. Frequency (Part 4)
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as an example for the use of the design methodology.
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Maximum Gain vs. Drain Current
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Figure 7.10: The maximum gain of the composite cascode stage with increasing drain current.
Table 7.2 contains the inversion coefficients and MOSFET dimensions at each level of Ip.

Table 7.2: A table showing the inversion coefficient of M and M, in relation to the maximum
gain of the composite cascode stage. Increasing current leads to lower maximum gain.

Ip I1C, 1C, % for M, % for M, | Gain in %
100nA | 5.6 | 0.0005 | 0.0699 709 132300
200nA | 15 | 0.0005 | 0.0582 1418 127200
300nA | 25 | 0.0005 | 0.0524 2127 120100
400nA | 25 | 0.0005 | 0.0698 2836 112000
500nA | 25 | 0.0005 | 0.0873 3545 103700
600nA | 25 | 0.0005 0.105 4254 96060
700nA | 25 | 0.0005 0.122 4964 89070
800nA | 25 | 0.0005 0.140 5673 83060
900nA | 25 | 0.0005 0.157 6382 77810
1.0uA | 25 | 0.0005 0.175 7091 73150
1.2uA | 25 | 0.0005 0.209 8509 65240
L4uA | 25 | 0.0005 0.244 9927 58800
1.6uA | 25 | 0.0005 0.279 11345 53640
L.8uA | 25 | 0.0005 0.314 12763 49380
2.0uA | 25 | 0.0005 0.349 14182 45850
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Minimum Gain vs. Drain Current
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Figure 7.11: The minimum gain of the composite cascode stage with increasing drain current.
Table 7.3 contains the inversion coefficients and MOSFET dimensions at each level of Ip.

Table 7.3: A table showing the inversion coefficient of M and M, in relation to the minimum gain
of the composite cascode stage. Increasing current leads to lower minimum gain.

Ip IC, 1 % for M, % for M, | Gain in %
100nA | 0.0005 | 0.018 709 19.7 202.5
200nA | 0.0005 | 0.024 1418 29.5 198.4
300nA | 0.0005 | 0.032 2127 33.2 196.5
400nA | 0.0005 | 0.032 2836 443 195.3
500nA | 0.0005 | 0.042 3545 42.2 194.4
600nA | 0.0005 | 0.042 4254 50.6 193.7
700nA | 0.0005 | 0.056 4964 443 193.3
800nA | 0.0005 | 0.056 5673 50.6 192.8
900nA | 0.0005 | 0.056 6382 57.0 192.4
1.0uA | 0.0005 | 0.056 7091 63.3 192.1
1.2uA | 0.0005 | 0.056 8509 76.0 191.7
1.4uA | 0.0005 | 0.075 9927 66.2 191.4
1.6uA | 0.0005 | 0.075 11345 75.6 191.1
1.8uA | 0.0005 | 0.075 12763 85.1 190.8
2.0uA | 0.0005 | 0.075 14182 94.5 190.6
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Maximum Bandwidth vs. Drain Current
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Figure 7.12: The maximum bandwidth of the composite cascode stage with increasing drain cur-
rent. Table 7.4 contains the inversion coefficients and MOSFET dimensions at each level of Ip.

Table 7.4: A table showing the inversion coefficient of M| and M5 in relation to the maximum
bandwidth of the composite cascode stage. Increasing current leads to higher maximum

bandwidth.
Ip IC, | 1C, | ¥ for My | ¥ for M, | Bandwidth in MHz
100nA | 0.0005 | 0.18 | 709 22 0.145
200nA | 0.0005 | 0.32 | 1418 24 0.275
300nA | 0.0005 | 0.56 | 2127 2.1 0.380
400nA | 0.0005 [ 0.56 | 2836 2.8 0.479
500nA | 0.0005 | 0.56 | 3545 3.5 0.575
600nA | 0.0005 | 1.0 | 4254 23 0.661
700nA [ 0.0005 | 1.0 | 4964 2.7 0.759
800nA [ 0.0005 | 1.0 | 5673 3.1 0.832
900nA | 0.0005 | 1.0 | 6382 3.5 0.912
1.0uA [0.0005 | 1.8 | 7091 2.2 1.00
1.2uA [ 0.0005 | 1.8 | 8509 2.6 1.15
L4pA [0.0005 | 1.8 | 9927 3.0 1.32
1.6pA [ 0.0005 | 1.8 | 11345 3.5 1.45
1.8uA [ 0.0005 | 1.8 | 12763 3.9 1.59
2.0uA | 0.0005 | 1.8 | 14182 43 1.66
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Minimum Bandwidth vs. Drain Current
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Figure 7.13: The minimum bandwidth of the composite cascode stage with increasing drain cur-
rent. Table 7.5 contains the inversion coefficients and MOSFET dimensions at each level of Ip.

Table 7.5: A table showing the inversion coefficient of M| and M; in relation to the minimum
bandwidth of the composite cascode stage. Increasing current leads to higher minimum

bandwidth.
Ip IC 1C % for M, % for M, | Bandwidth in Hz
100nA | 25 | 0.0005 0.018 709 0.48
200nA | 25 | 0.0005 0.035 1418 0.44
300nA | 25 | 0.0005 0.052 2127 0.44
400nA | 25 | 0.0005 0.070 2836 0.48
500nA | 25 | 0.0005 0.087 3545 0.52
600nA | 25 | 0.0005 0.105 4254 0.55
700nA | 25 | 0.0005 0.122 4964 0.60
800nA | 25 | 0.0005 0.140 5673 0.66
900nA | 25 | 0.0005 0.157 6382 0.69
1.OuA | 25 | 0.0005 0.175 7091 0.76
1.2uA | 25 | 0.0005 0.209 8509 0.83
L4uA | 25 | 0.0005 0.244 9927 0.91
1.6uA | 25 | 0.0005 0.279 11345 1.00
1.8uA | 25 | 0.0005 0.314 12763 1.10
2.0uA | 25 | 0.0005 0.349 14182 1.20
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Maximum Noise vs. Drain Current
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Figure 7.14: The maximum noise of the composite cascode stage with increasing drain current.
Table 7.6 contains the inversion coefficients and MOSFET dimensions at each level of Ip.

Table 7.6: A table showing the inversion coefficient of M and M, in relation to the maximum
noise of the composite cascode stage. Increasing current leads to lower maximum noise.

Ip I1Cq 1C, % for M, % for M, | Noise in 2%

VHZ
100nA | 0.56 | 0.0005 0.70 709 22.3
200nA | 1.8 | 0.0005 0.43 1418 17.3
300nA | 1.8 | 0.0005 0.65 2127 15.5
400nA | 3.2 | 0.0005 0.49 2836 13.9
500nA | 3.2 | 0.0005 0.61 3545 12.9
600nA | 3.2 | 0.0005 0.73 4254 11.8
700nA | 5.6 | 0.0005 0.49 4964 11.3
800nA | 5.6 | 0.0005 0.56 5673 10.8
900nA | 5.6 | 0.0005 0.63 6382 10.3
1.OuA | 5.6 | 0.0005 0.70 7091 9.8
1.2uA | 10 | 0.0005 0.52 8509 9.2
1.4uA | 11 | 0.0005 0.56 9927 8.7
1.6uA | 13 | 0.0005 0.54 11345 8.3
1.8uA | 13 | 0.0005 0.60 12763 7.9
20uA | 15 | 0.0005 0.58 14182 7.6
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Minimum Noise vs. Drain Current
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Figure 7.15: The minimum noise of the composite cascode stage with increasing drain current.
Table 7.7 contains the inversion coefficients and MOSFET dimensions at each level of Ip.

Table 7.7: A table showing the inversion coefficient of M| and M, in relation to the minimum
noise of the composite cascode stage. Increasing current leads to lower minimum noise.

Ip 1Cy 1C % for M, % for M, | Noise in ;XTZ
100nA | 0.0005 | 0.0033 709 107.4 0.060
200nA | 0.0005 | 0.0033 1418 214.9 0.054
300nA | 0.0005 | 0.0033 2127 322.3 0.044
400nA | 0.0005 | 0.0033 2836 429.7 0.038
500nA | 0.0005 | 0.0033 3545 537.2 0.034
600nA | 0.0005 | 0.0033 4254 644.6 0.031
700nA | 0.0005 | 0.0033 4964 752.0 0.029
800nA | 0.0005 | 0.0033 5673 859.5 0.027
900nA | 0.0005 | 0.0033 6382 966.9 0.026
1.0uA | 0.0005 | 0.0033 7091 1074.4 0.024
1.2uA | 0.0005 | 0.0033 8509 1289.2 0.022
1.4uA | 0.0005 | 0.0033 9927 1504.1 0.021
1.6uA | 0.0005 | 0.0033 11345 1719.0 0.019
1.8uA | 0.0005 | 0.0033 12763 1933.8 0.018
2.0uA | 0.0005 | 0.0033 14182 2148.7 0.017
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CHAPTERS8. CONCLUSION

This thesis has presented a design methodology for use with composite cascode stages op-
erating in the various regions of inversion. The design methodology allows for faster and more
accurate design of ultra-low-power, high gain operational amplifier stages. The design methodol-
ogy can be used with many different MOSFET technologies as the inversion coefficient is used in
the main design process. The circuit designer only needs to know the desired operation and current
draw of the stage in addition to the device parameters usually available in the simulation models.
The original ”guess and simulate” approach is intended to be replaced by the design methodology
presented in this thesis. The use of this methodology is shown through an example operational

amplifier design in Chapter 7.

8.1 Topics for Future Research

Additional research into simpler methods for calculating the values of gps and other em-
pirically derived parameters would provide a more mathematical approach to solving for the gain,
bandwidth, and noise of the stage. Currently, equations are inaccurate, intensive, or simplify to
transcendental functions. Also, additional research into the effects of short channels may provide
more accuracy in composite cascode design with sub-1pm channel lengths. Accurate design with

smaller channel lengths and widths could reduce the size of the devices on chip.
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APPENDIX A. CHANNEL CONDUCTANCE IN THE ACTIVE REGION

The information in this appendix was obtained using the method described in [34]. Several
different MOSFET dimensions were simulated and the results of those simulations are below.
These figures are only valid when using the ON Semiconductor C5X 0.5um model as this was
the model used to populate the charts. Similar trends may exist in other models but the accuracy
may not be good enough for actual design. The circuit used to extract this data is shown here in

Figure A.1 where Vpg and Vg are set to ensure active region operation.

A Vos
[ M

w

L

Ves —

v i

Figure A.1: Test circuit used in solving for the equation describing channel conductance. Adapted
from [34].

The following sections will provide tables, graphs, and figures useful in solving for the
value of gps for MOSFETsS operating in the active region. If the MOSFET is in the triode region,

the equation for gpg in the triode region should be used for more accuracy. The general form of
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the gps equation for active region operation is

gps = k(L)IC*. (A.1)

A.1 Charts for Width Greater than Length

The first plot is a comparison of channel conductance versus inversion coefficient. Each
of the lines corresponds to a different width for a length of 1um and a height of Sum. Using the
data in this graph, an equation for each of the lines can be extracted in the form of Eq. (A.1). The
resulting functions are shown on the right hand side of the plot. The values recorded in this chart
were chosen to provide accurate detail in areas that change more dramatically. Lower values for
the width of the device cause faster changes in the value of k(W). As can be seen from the resulting
functions, the value of o is very constant. A value of 0.68 can be assumed for o without significant
error.

The value of k(W) changes with respect to the width of the device very linearly. If the
values of k(W) are plotted against their corresponding width, the graph in Figure A.3 can be found.
The equation on the chart shows the linear regression result for the data collected. The equation

for k(W) based on MOSFET width is
k(W) = (22.807 +W — 34.9)nS, (A.2)

where the result is given in Siemens, consistent with the units for the channel conductance. Using
this function for k(W) along with Eq. (A.1), an equation for gpg in terms of width and inversion

coefficient can be found. The result, for width greater than length, is

gps = (22.807 % W — 34.9) + IC*%%ns. (A.3)

A.2 Charts for Length Greater than Width

A similar approach is taken to that of the previous section. Using the same circuit as shown
in Figure A.1, with width=1pum, and collecting data for gpg versus inversion coefficient, Figure A.4

can be obtained. By using the same form of power regresssion as in the first section multiple
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Figure A.2: Channel conductance versus inversion coefficient for width greater than length.
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Figure A.3: k(W) term for channel conductance with width greater than length.
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equations can be found to describe the change in gpg versus inversion level. These equations are

again displayed on the upper right side of the chart.

1E-6

1E-7

1E-8
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1E-13 Z
1E-14
0.001 0.01 0.1 1 10
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Figure A.4: Channel conductance versus inversion coefficient for length greater than width.

By creating a table of values consisting of k(L) and a from the equations on the graph,

equations for k(L) and & can be found. The value of o changes too much to be able to assume

a single value. An equation in terms of length for & must be found. By plotting the values as in

Figure A.5 and finding the linear function to describe the points, an equation for & can be found.

The function given on the chart is the description of o for various lengths. This equation is

o= (1.274%107) L+0.71579,
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Figure A.5: The alpha term for MOSFETSs with length greater than width.

where k(L) is not a simple linear relationship. The value of k(L) must be solved for using power
regression. The plot of k(L) versus MOSFET length is given in Figure A.6 and Equation (A.5)
describes the value of k(L) as MOSFET length increases.

k(L)

y = 5.3947E-9x 14955

L 4

0E+0 O==—=—0—¢ *

Length

Figure A.6: k(L) term for channel conductance with length greater than width.

k(L) = (5.3947 *L*1-4955) nS. (A.5)

Combining Equations (A.4) and (A.5) into (A.1), a function for gpg in terms of length and

inversion coefficient can be found. This equation is

gps = (53947 *L—1.4955) *Ic((1.274*10_3)L+0,71579)ns‘ (A6)
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A.3 Charts for Width Equal to Length

Length changes the value of gpg faster than the width. This causes the value of gpg to drop
as both width and length increase at the same rate. The chart of gpg vs IC for width equal to length

is given in Figure A.7
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Figure A.7: Channel conductance versus inversion coefficient for width equal to length.

From the equations obtained through a power regression on the data collected, both & and
k(L) equations can be obtained. The values of « are plotted in Figure A.8 and the values of k(L)
are plotted in Figure A.9.

The equations for o and k(L) are
o = (1.4247 % 1073) L+0.72954, (A.7)
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Figure A.8: The alpha term for MOSFETSs with width equal to length.
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Figure A.9: k(L) term for channel conductance with width greater than length.

and

By combining these equations using Eq. (A.1), an equation for gpg for width equal to length can

be obtained. This equation is

y = 7.1387E-9x 4277281

25 30 35

40

0 5 10 15 20 45 50 55

Width and Length

k(L) = (7.1387 L™ **772) nS.

gps = (7.1387 L’0'42772) w JO((1.:4247+107%)L+0.72954) , ¢

A.4 A Final Note on this Procedure

As stated above, these results were obtained for the C5X model with the minimum width

or length being 1um. If other sizes are needed, or if another model is used, more data needs to be
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collected by the circuit designer in order to use similar equations. Alternatively, the designer can
simply establish the bias voltages that is applied to the MOSFETs and find the value of gpg from

the DC operating points in the simulation results.
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APPENDIX B. DERIVATIONS OF THE EQUATIONS

Each of the sections in this appendix will provide the derivation for a particular configu-
ration of the composite cascode stage. The derivations are presented here as they are long and

become distracting from the flow of the thesis.

B.1 Single Ended, Current Source Driven, Composite Cascode Stage

As was discussed previously in this thesis, the gain of the composite cascode stage is de-
pendent on the operating region of M;. When M; is in the active region the overall gain tends to
be high. When M; is in the triode region the gain tends to be low but the bandwidth is higher. This
section will derive the gain of the stage which can be used in all regions of operation, then show

how it can be simplified if M operation in the triode region is desired.

B.1.1 The Full Gain Equation

Using the small signal model shown in Figure B.1, the composite cascode gain equation
can be derived. First, there are two nodes in this small signal model that need to be analyzed using
Kirchhoff’s current laws. The sum of all the current entering and leaving each node is found and a
gain equation is derived from these node equations in terms of %. The node equations are

Node 1:
0 = gm2Vis2 — gmp2Vs2 + gps2 Vour — Vs2) + GroanVour, (B.1)

and

Node 2:
0= —gmVis2 +8gmp2Vsa + gps2 (Vs2 — Vour) + g Vesi + 8psiVsa. (B.2)

The gate to source voltage on M| and M, can be written in terms of V;y. Since the source

of M is tied to ground, the value of Vg is equal to the value of V;y. Because the source of M, is
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Node 1
Ve Vb2
gm2Ves2 A\ gue2Vs2 J Qos2 Groap

|

Node 2
gM1VGS1 Qs

[l —1

Figure B.1: The small signal model used in the gain calculation for the composite cascode stage.

not connected to ground, Vs> must take into account the value of Vg,. The value of Vg; is equal
to Viy — Vsp. Making these substitutions into the above node equations and solving for Vs, the

following equations are the result

Node 1:
Vey = gm2Vin + (gps2 + Groap) Vour | (B.3)
&Mm2 +8mB2 t &Ds2
and
Node 2:
Vey — (gm2 — gm1) Vin + gpsaVour . (B.4)

8m2 +8mB2 t &Ds1 1+ 8Ds2
The following steps show the general process used. The overall gain of the system is given

in Equation (B.8). Setting both node equations (B.3) and (B.4) equal to each other gives

em2Vin + (gps2 + Groap) Vour _ (gm2 — 8&m1) Vin + gps2Vour (B.5)
gm2 + 8mB2 + &Ds2 8m2 + 8mB2 +8DS1 + 8Ds2

Solve for Voyr /Vin, this gives

Ayp = Vour _  gm18ps2+gm28psi + gm1 (8m2 + gmp2) (B.6)
Vin gps18ps2 + (gm2 + gmp2 + 8ps1 + 8&ps2) GLoap

88



Divide both top and bottom by gps1 * gps2, which results in

81 | 8w +gM1(gM2+gM32)

A — _ _8bsi 8DS2 8DS18DS2 ] B.7
MB 1+ (gps1+gps2+gm2+8gmp2)Groan (B.7)
8DS18DS2

1
Rroap

Substituting # for gps and for Gy pap simplifies the solution and puts it into a more readable

format. The final gain equations is

_ gm17ps1 +8gm2rps2 + g (8m2 + gmB2) TDSI1TDs2

Amp =
1+ z—— (rpsi1 + rps2 + (gm2 + gmp2) rpsips2)

. (B.8)

1
OAD
If an ideal current source with infinite impedance is assumed, the value of Ry psp becomes

infinite. The denominator of equation (B.8) goes to 1 and the resulting equation is

AmB = — [8m17Ds1 + gm2TDs2 + &m1 (8m2 + 8mB2) FDS1TDs2) - (B.9)

These equations can be used when both M| and M, are operating in the active or triode region. The
value of [ga1 (gm2 + gmB2) rps17ps2] tends to be very high, usually becoming the only non-neglible

term in the gain equation [17].

B.1.2 Lower Device in the Triode Region

When the MOSFET M; is in the triode region the small signal model of the lower device
is more accurately described by Figure 2.7. This results in an overall small signal model more
similar to Figure B.2. The lower device acts as a voltage variable resistor rather than an amplifying
element. This increases the output resistance of the stage which increases the gain slightly. For the
most part the composite cascode stage with the lower device in the triode region acts as a common
source amplifier. The derivation of the gain equation for this configuration is very similar to that
given in Appendix B.1.1. The current entering and leaving each node is

Node 1:

0 = gm2Vis2 — 8mB2Vs2 + gps2 Vour — Vs2) + GroanVour, (B.10)
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Ve Vour
gv2Ves2 A gmes2Vosi J Jos2 Groap

VIN

Ve, NodeZz Vot

q

QOpost
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I I VS1

Figure B.2: The small signal model used in the gain calculation for the composite cascode stage
with the lower device in the triode region. The transconductance and body conductance are re-
moved for the lower device to emphasize the fact that deep in the triode region these values become
very small (often negligible).

v

and
Node 2:
0= —gm2Ves2 + gmp2Vsz + gpsz2 (Vs2 — Vour) + gm1Vast + 8psi Vsa. (B.11)
Solving equations (B.10) and (B.11) for Vs> and noting that VGs1 = Viv and Vg2 = Viy —
Vso gives
Node 1:
Ve — Vout (GLoap + 8ps2) +Vingm2 (B.12)
gm2 + 8&mB2 + &Ds2
and
Node 2:
Vourgps2 + Vingm2 (B.13)

52 = .
8ps1 1 8ps2+8m2 + 8mB2
The following work shows the general process used in the derivation of composite cascode

gain with M| in the triode region with Equation (B.16) showing the final equation. Setting the
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Node 1 and 2 equations equal to each other and solving for Voyr/Viy gives

Vout (GrLoap +&ps2) + Vingm2 _ Vourgps2 + Vingm2 (B.14)
gm2 +8mB2 + &Ds2 8ps1 +8ps2 + 8&m2 +8mB2
Solving for Voyr /Vin results in
Vi
Ayp = JOUT _ gM28Ds1 . (B.15)
Vin gps18ps2 + Groap (8ps1 + &ps2 + gm2 + 8mp2)

1

Substituting ﬁ for gps and Riom

for Grpap simplifies the solution and puts it into a more readable

format. The final gain equations is

Ayp = — EM27DS2 (B.16)
I+ 7 (rps1 + rps2 + (8m2 + §mB2) D1 7Ds2)

1
OAD

When the impedance from the load approaches infinity, the denominator of equation (B.16)
approaches 1. This leaves

AMB = —8M2VDS2, (B.17)

as the gain. The overall gain is much smaller when M| is in the triode region because there is no

gain from M to be multiplied with the gain from M.

B.2 Composite Cascode Output Impedance

The impedance of the composite cascode stage is derived as follows. Two equations can be
written to describe the currents entering the two nodes in Figure B.3. These equations are

Node 1:

0 = gps2 (Vrest — Vpsi) — (gm2 + 8&mp2) Vpsi — ITEst, (B.18)

and

Node 2:
0= (gm2+ gms2) Vpsi + gps2 (Vps1 — Vrest) + gpsi1 Vbsi - (B.19)
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Figure B.3: The small signal model used in the impedance calculation for the composite cascode
stage with the lower device in either the active or triode region. The gate to source voltage is DC
only as it is biased to a particular reference voltage.

Equation (B.20) through (B.23) show the steps taken to solve for the impedance of the

composite cascode stage. Solving Equation (B.19) for Vpg; gives

ps2VrEST
Vps1 = g . (B.20)
8ps1 +8ps2 +8m2 +8mB2
This function is substituted into Equation (B.18), which gives the result as
Irgst _ gps2(gpsi+8ps2 + 8m2 + gmB2) — 8hsr — &ps2 (gm2 + gmp2) (B21)
Vrest 8ps1 +8ps2 +8m2 + 8mB2 '
Grouping like terms, noting that Zrgsr = ‘I/TT]‘:?;TT , and simplifying gives
1 1 +
Zrps = — + —— + SM2 T SMBL (B.22)
8Ds1 8Ds2 8DS18DS2
Replacing ﬁ with rpg give the final solution as
Zrest = rps1 +rps2 + (§m2 + 8mB2) TDS1TDS2- (B.23)
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Because the value of gj;; and gy are neglected, equation (B.23) is valid when M is operating in

either the active or the triode region.
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APPENDIX C. FULL-SIZED BEHAVIOR VS. DRAIN CURRENT FIGURES

Gain of the Composite Cascode Stage at 100nA
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Figure C.1: A chart showing the magnitude of the gain (in dB) with respect to the inversion level

of M| and M, with a drain current of 100nA
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Gain of the Composite Cascode Stage at 700nA
Subthreshold Weak Moderate =~ Strong
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Figure C.2: A chart showing the magnitude of the gain (in dB) with respect to the inversion level
of M and M, with a drain current of 700nA
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Gain of the Composite Cascode Stage at 2pA
Subthreshold Weak Moderate ~ Strong
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Figure C.3: A chart showing the magnitude of the gain (in dB) with respect to the inversion level
of M| and M, with a drain current of 2uA
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Bandwidth of the Composite Cascode Stage at 100nA
Subthreshold Weak = Moderate  Strong

Bandwidth

log(H
og| 2)7

IC1
0.0005

Subthreshold

\
t
o
o
=
[S)

Weak
o
*
N

,
t
o
S
o

Moderate

|
T

=

o

Strong

-1

Figure C.4: A chart showing the magnitude of the bandwidth (in log;o(Hz)) with respect to the
inversion level of M; and M> with a drain current of 100nA
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Bandwidth of the Composite Cascode Stage at 700nA
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Figure C.5: A chart showing the magnitude of the bandwidth (in /og;o(Hz)) with respect to the
inversion level of M; and M, with a drain current of 700nA
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Bandwidth of the Composite Cascode Stage at 2pA
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Figure C.6: A chart showing the magnitude of the bandwidth (in logo(Hz)) with respect to the
inversion level of M; and M, with a drain current of 2uA
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Noise of the Composite Cascode Stage at 100nA
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Figure C.7: A chart showing the magnitude of the total noise (in logo(nV /+/Hz)) with respect to
the inversion level of M| and M, with a drain current of 100nA
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Noise of the Composite Cascode Stage at 700nA
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Figure C.8: A chart showing the magnitude of the total noise (in logo(nV /+/Hz)) with respect to
the inversion level of M| and M, with a drain current of 700nA
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Noise of the Composite Cascode Stage at 2pA
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Figure C.9: A chart showing the magnitude of the total noise (in logio(nV /+/Hz)) with respect to
the inversion level of M| and M, with a drain current of 2uA

103



