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4 Gain Stages — Amplifiers I

Part 4.A—Frequency response and handling poles

CMOS Common-Source with single-pole
The common-source stage allows high-gain, in the order of 100’s (dependent on a
large number of factors). Assume that we sweep a design parameter, such as ,

, , , , we will achieve a characteristics similar to that in the figure
above. By examining the slope of the curve (as function of any parameter) we find the
gain.

“Coarse” Large-Signal Design
We can also consider the large signal definitions (in the saturation regions)

 and

These two currents must be equal, hence we have

Assume that all values are fixed and you increase the DC input value, . The LHS
of the equation will increase. The RHS must also increase to achieve equilibrium.
The only possible way is that the output voltage decreases. The same holds if
we increase , i.e., increase . If we increase on the RHS, will decrease,
and to compensate the LHS,  must once again decrease.

In analog design it is important to be aware of properties such as the ones mentioned
above. But we also have to care about the voltage swings, we want the transistors to
be saturated and a maximum possible output swing. (Note that a maximum possible
swing is not necessarily equivalent with maximum gain!). First, we have the obvious
relations

 and

Figure 4.1: Common-source stage and its approximate transfer function.
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But we can also state that

 and  or

Hence to keep the transistors in their saturation
region.

Using the current formulas, we also have that

 and

and we get

We should also always aim for a design margin. Typically, this design margin is 0.1
- 0.15 V for CMOS.

Frequency-domain Properties
However, as we have found these large signal properties, we examine the circuit in
the frequency domain we have the approximate transfer function shown in Fig. 4.2.

We will assume that we have a dominating pole, e.g., the load capacitance (the total
amount of capacitance associated with the output) is much larger than other capac-
itances. For example, we have

where  is the capacitance associated with following stages, wires, gates, etc.

Consider the small signal schematics in Fig. 4.3. Note the directions on the depen-
dent current sources. We have defined the PMOS dependent source as

We now want to derive the output as function of the input, and we have that
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Figure 4.2: Common-source stage and its approximate transfer function.
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Hence, once we feedback, the gain is determined by the feedback factor, , and
the bandwidth is significantly increased to .

However, we see that if is not large enough there is a small deviation from the
wanted . This is crucial if we want to make a high-performance filter or similar
where the requirements on the acuracy are very high.

Part 4.C—Improved gain in amplifiers
To improve the gain of the common-source stage we shall consider some different
approaches.

Brute force
Consider the expression for the gain

1) Decrease the current through the transistors. This will increase the gain, but it
will reduce the unity-gain frequency and it will make the circuit more sensitive to
noise.

2) Increase the size of the transistor. This will increase the gain and it will increase
the unity gain frequency. However, the capacitance is increasing by at the input
of the amplifier and it may be hard to achieve a good phase margin in the overall
feedback, since this capacitance will reflect as a load capacitance in a feedback con-
figuration.

Figure 4.6: Feedback configuration.

β

A
X Y–

Y
X
---- A s( )

1 β A s( )⋅+
---------------------------

A0

1 s p1⁄+
---------------------

1 β
A0

1 s p1⁄+
---------------------⋅+

---------------------------------------
A0

1 β A0⋅ s p1⁄+ +
------------------------------------------= = = =

A0

1 β A0⋅+
-----------------------

1 s
p1 1 β A0⋅+( )⋅
--------------------------------------+

------------------------------------------------
1
β
---

1
1 1 β A0⋅( )⁄+
-----------------------------------

1 s
β A0 p1 1 1 β A0⋅( )⁄+⋅ ⋅ ⋅
----------------------------------------------------------------+

--------------------------------------------------------------------------⋅= = =

1
β
---

1
1 1 β A0⋅( )⁄+
-----------------------------------

1
s

β ωu⋅
-------------- 1

1 1 β A0⋅( )⁄+
-----------------------------------⋅+

----------------------------------------------------------------⋅ 1
β
--- 1

1 s
β ωu⋅
--------------+

------------------------⋅≈=

1 β⁄
β ωu⋅

A0
1 β⁄

A
gm

gout
---------

W
L
----- I d⋅

I d
-----------------------

W
L
-----

I d

---------∼ ∼=

WL

TSTE80, ATIC  Gain Stages — Amplifiers I 4 — Page 30 (34)

J. Jacob Wikner Department of Electrical Engineering, Linköpings universitet

Cascodes
Instead, consider the gain function again

 and

We see that if we decrease the hence increase we have that the unity-gain
frequency is not effected. So, the first approach to increase the gain is to use cascodes.
Consider Fig. 4.7 (a) .

The output resistance is increased by a factor corresponding to the gain of the cas-
code transistor. This can be realized by considering the small signal schematics of the
NMOS transistors only.

The output impedance is found as

Using Kirchhoff’s laws we find that

A
gm

gout
---------= ωu

gm

C
------=

gout r out

Figure 4.7: (a) Cascodes M3 and M4 are used to increase the output impedance and the DC
gain. The gain (b) is increased further with gain-boosting (or regulated-cascode).
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Figure 4.8: Small-signal schematics of cascoded NMOS transistor.
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 and

This gives that

However, since we are using more transistors, the voltage swing will be reduced (in
order to keep all transistors in their saturation region). We have that

By adding even more cascodes the output resistance can be increased further. How-
ever, the voltage swing limits the concept.

Gain-boosting
Instead of using multiple cascodes we can use the concept of gain-boosting or regu-
lated-cascode as shown in Fig. 4.7(b). It can easily be shown that the output imped-
ance of the NMOS branch is approximately

Folded-cascode
We loose some in voltage level due to the cascodes, and it is hard to design the circuit
to have the same output as input DC voltage levels. The folded-cascode common-
source stage solves this problem. However, the disadvantage is obvious, there is now

a PMOS transistor in the signal path and the increased parasitic capacitance will
influence the speed.

iout gdsn1 vx⋅=
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Figure 4.9: Folded-cascode gain stage.
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Part 4.D—Noise
The influence of noise is important. It is a fundamental limit on performance. We will
in this course only consider the thermal noise and the simplest transistor models
associated with this.

First, we have the definition of the signal-to-noise ratio (SNR) as the ratio between
the signal and noise power.

For our applications we aim for a 14-bit SNR, hence an SNR higher than 86 dB.

As model for our transistors, we only consider uncorrelated thermal noise and we
have two cases as shown in Table 2.

Spectral density and super function
Recapture from the statistics. The spectral density function describes the power den-
sity of a signal throughout the frequency range.

If the noise spectral density is constant, the noise is white.

Noise power
The total noise power is given by the integral of the spectral density over a specifed
frequency band.

For a sampled system, these frequencies are typically and where
 is the sample frequency.

Several noise sources
The contribution from several noise sources will sum at the output node. We may use
the additional theorem and we get

Input-referred noise Output-referred noise

Table 2: Thermal noise sources on the CMOS transistor.
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where is the transfer function from the noise source described by to the out-
put, etc.

The superfunction describes the relation between the output and input signals in a
linear(ized) system.

The total output noise power is given by

Noise bandwidth
Assume that the filtering function is a single-pole system and that only thermal
noise is considered. Then we have

A noisy amplifier can be modelled in two different ways, either as a noiseless ampli-
fier with a noise source at the input or with a noise source at the output.

Noisy common-source stage
Consider the common-source stage in Fig. 4.1. Assume a dominant load capaitance
and that both transistors are noisy. Derive the total noise power at the output and
the input-referred noise voltage source.

We have already derived the transfer function from the gate of transitor M1 to the
output;

It is obvious that the transfer function from the gate of M2 must be equal to this
expression but with a different , hence
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Figure 4.10: Models of input-referred and output-referred noise sources.
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The spectral densities of the noise at M1 and M2 are given by

 and

Then we can use the superfunction

The total noise power at the output (over all frequencies) is given by

and since both and are described by single-pole systems, we can use the
concept of noise bandwidth:

Input-referred noise is easily derived by comparing the total output noise spectral
density and we have
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