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Abstract: An operational amplifier designcd with O.35um CMOS teehnology is 
prcsented. All the transistors are realized with minimum or near-minimum 
ehannel length. As thc short ehannel length causcs performance degradation, a 
proper operational amplifier structure is sclected to compensate the 
performance degradation. The op amp is designed to meet the requirement of 
high-speed high-resolution sigma delta modulators. It has a folded-cascode 
first stage and a class-A output stage. lt features a DC gain of 78dB, an open­
loop unity-gain frequency of 266MHZ, a slew rate of 650V/us, and consumes 
IO.2mW from a +/-1.5V power supply. High level simulation is uscd to 
evaluatc the OT A performance in sigma delta modulators. 

1. INTRODUCTION 

The fast development of CMOS process technique makes it possible to 
integrate more and more functions into a single Digital-signal-Processing 
chip. However, the physical signal (which is analog) still needs an interface 
to be handled by DSP. AID and DIA converters are such interfaces. In the 
area of high resolution AID conversion, sigma delta converters are the best 
choice. They adopt oversampling and noise shaping technology to move the 
quantization noise out of signal band, and then digitally low-pass filter the 
shaped noise. From the middle of 80s they have been widely used in digital 
audio applications. The biggest drawback of sigma delta modulators is that 
they can not convert wide band signals as their counterpart, flash AID 
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converter can do. The resolution of a sigma delta modulator (in bit, or dB) is 
nearly linearly proportional to the oversampling mtio. Thus to achieve high 
resolution the modulator must work at a sampling frequency that is much 
higher than the signal band. With a signal band of 1 MHz and oversampling 
ratio of 16 (which is already relatively low), the modulator must sampIe at 
32MHz. Many researches have been done to increase the signal band that 
can be converted by sigma delta modulators [1,2], and obviously that the 
essential task is to design a high performance operational amplifier which is 
used in switch capacitor integmtors. The amplifier should have a high OC 
gain, large bandwidth, large slew rate (driving capability) and large output 
swing. 

Although CMOS process has already stepped into deep submicrometer, 
the analog transistors are still often designed with much larger channel 
length than in digital circuits. One of the reasons is that using small channel 
length tmnsistor will degrade the performance. For example, Rds, the drain­
source resistance of a NMOS transistor in small-signal model will reduce 

Rds= 

whcrc 
A,= 

2L 
according to the left formula due to 
channel-Iength modulation. And the 
short-channel effects will make 
things even worse. It is obvious that 
Rds will decrease when the channel 
length L decreases, even though the 
WidthiLength mtio keeps the same. 
When Vds is so big that short­

channel effect become apparent, Rds will reduce even faster than predicted 
by the above formula. Figure 1 shows the simulated Rds of a NMOS 
transistor in AMS 0.35um process [3]. The transistor has a fixed 
WidthiLength ratio (5:1) and fixed Vetr (Vgs-Vtn) while the value of length 
changes from O.4um to 5um. The maximum Rds in active regions is plotted 
against the channel length. Note that in an operational amplifier Rds is 
direct1y related to the OC gain. Figure 2 shows this simulation for a simple 
common-source gain stage with an active load (T2). The bias current and 
WidthiLength mtio of each transistor are fixed, while the absolute value of 
the channellength is varied. The gain of this stage is changed accordingly. 
So using a short channel length transistor will automatically degmde the OC 
gain unless otherwise compensated. This compensation can be done on the 
structure level, for example, by chan ging a single stage to a two-stage 
structure. With a proper design, analog circuit can also take the advantage of 
advanced CMOS process without sacrificing performance. 
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Figure 1. Rds ofa NMOS with different channellengths 
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2. DESIGN TARGETS AND STRUCTURE 
SELECTION 

The target is to design an operational amplifier for sigma delta 
modulators that can work at a sampling frequency above 40MHz. With high 
level simulation of sigma delta modulators this requirement of the modulator 
can be translated into several requirements of the amplifier [l], for example, 
the OC gain, the open loop cut-offfrequency, the slew rate, the phase margin 
and so on. 

As the amplifier will be used in switch capacitor circuits, the load is only 
capacitive (no resistance load). Thus the so-called Operational 
Transconductance Amplifier (OIA) is a good choice (output buffer stage is 
omitted). Folded-cascode OIA has been used extensively in switch capacitor 
circuits. It has the advantages of high OC gain, large output swing, large 
bandwidth and simple structure. Iherefore it has been used successfully in 
many high-speed high-resolution sigma delta modulators [4]. However, to 
have a large bandwidth and large slew rate many of the transistors in OT A 
need to have very large transconductance, which also means large 
WidthiLength ratio. This increases the die area and parasitics. If a short 
channellength, e.g. 0.35um, can be used to implement these transistors, we 
can reduce the chip size and the parasitics as weIl. However as mentioned 
before, using short channel length transistors will degrade the performance. 
So here a two-stage OIA [5] is se lee ted as shown in figure 3. The inner 
stage is a traditional folded-cascode amplifier while the outer stage is a 
class-A stage. The OT A is designed using AMS O.35um process. All the 
transistors have minimum or near-minimum ehannel length. With the 
addition of the seeond stage, the requirement of the first stage ean be largely 
loosen, thus the transistor WidthiLength ratio and bias current can be 
reduced. The c1ass-A second stage provides large drive capability (slew rate) 
and large output swing (near rail-to-rai!). As a result, it is possible to achieve 
higher overall performance while eonsumes less power and has smaller die 
area (compared with the single-stage folded-cascode implementation with 
large channel length). Ihe other attractive advantage of this circuit is that it 
can work with very low operating voltage. With the careful arrangement of 
transistor sizes and bias currents, it can work weH with I.5V power supply 
[5]. This makes it a candidate circuit for future processes that require lower 
supply voltages. 
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3. CIRCUIT ANALYSIS 

3.1 DC Gain 

In a sigma delta modulator the finite OC gain of the operational amplifier 
will cause integrator leakage [6,7], which degrades the overall performance, 
especially in cascaded modulators. To implement a high-resolution 
modulator, the OC gain should be made above 60dB. In CMOS Op amp it is 
conflicting to achieve both a high gain and large slew rate. A high gain 
requires small bias current while a large slew rate requires a large bias 
current. In this two-stage stmcture the first stage can be biased at a relatively 
small current to have a large gain, and the second stage be biased at large 
current to achieve large slew rate. The first folded-cascode stage has a OC 
ga in in the order of (gmr\i, and the second class-A stage has a DC gain in 
the order of gmro' So the total OC gain is in the order of (gmro)3. This makes it 
easy to achieve a OC gain of 1000 or higher. 

3.2 Siew Rate 

In a high-speed sigma delta modulator, the OT A slew rate must be large 
enough to guarantee that the output signal is accurately settled within a very 
short period (less than half of a clock period). Some empirical formulas can 
be used as a guideline to find the needed slew rate for a specific application. 
For example, "Slew Rate>7 * Vref*fs" , which is derived from high-level 
simulations [1]. The slew rate ofthe first stage is defined by the bias current 
in MI, M2 and their load capacitance (include compensation capacitor). The 
bias current of M14, M16 and the output load capacitance define the slew 
rate of the second stage. The overall slew rate is limited by either the first 
stage or the second stage, whichever is slower. If the first stage is designed 
to be fast enough the slew rate is defined by the bias current of the second 
stage and its load capacitance. The proper bias current can be found through 
SPICE simulation. 

3.3 Frequency Response and Compensation 

The first stage's frequency compensation is realised by cascode 
compensation capacitor Cc. Compared with standard Miller compensation, it 
has much better PWRR at high frequency and reduced capacitance load to 
the first stage. lt is first introduced in [8] and then widely used in many 
designs [9,10]. The simplified ac small-signal model for the differential half 
circuit is shown in figure 4. With some reasonable assumption, the OTA can 
be mode lIed as a 3-pole 2-zero system. The first pole is formed by the input 
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transistors MI and M2, so their gm (gm2 in figure 3) should be big enough to 
move the first pole to higher frequency. The distance between the second 
and third pole is determined by the value of Cc. With a large Cc, these two 
poles are moved further away from each other. This is the so-called pole­
splitting effect. However Cc also introduces a zero on positive real axis 
which will reduce the phase margin unless it is put far away from cut-off 
frequeney. The proper value of Ce ean be found through hand ealculation of 
the simplified ae small-signal model, and then be verified through 
simulation. And it is worth mentioning that to have enough phase margin, 
the gm ofM9, MIO (gm9 in figure 4) and M14, M16 (gm16 in figure 4) should 
be much larger than that of M 1 or M2. 

3.4 Bias Circuit 

M8 

MIO 

Figure 5. Bias circuit ofOTA 

The bias circuit of the OTA is shown in figure 5. Jt provides proper bias 
current for both PMOS and NMOS transistors. It also includes a duplicate of 
class-A output stage (MB13 and MB14) to establish its common-mode input 
voltage which is used in the first common-mode feedback circuit. 
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3.5 Common-mode Feedback 
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Figure 6. Switch capacitor common-mode feedback circuit 

The control of common-mode output voltage is more difficult than in the 
folded-cascode OT A because there are two independent stages. Some 
designs use a single common-mode-feed-back (CMFB) circuit [2], where the 
common-mode voltage of the second stage is sensed and then put through a 
sign inversion circuit (often a current mirror, which consumes extra power) 
to control the bias in the first stage. In this implementation we use two 
separate CMFB circuits. With this scheme, we can accurately control the 
common-mode output voltage of the first stage to be the required input bias 
voltage ofthe c1ass-A second stage [lI]. The second stage's common-mode 
output voltage is set to be the middle of power suppliers. In this way the 
common-mode voltages ofboth stages can be fast and accurately controlled. 
The two switch-capacitor CMFB circuits are identical and shown in figure 6. 
They are suitable for switch-capacitor circuits and consume much less power 
than continuous CMFB circuits. 

4. OTA PERFORMANCE SIMULATION 

Figure 7 shows the simulated transient response and frequency response. 
In both cases each output terminal is loaded with 2pF capacitor. The slew 
mte is found to be 650v/us. The OC gain is 79dB, which is enough to meet 
the requirement of a high-resolution sigma delta modulator. The cut-off 
frequency is about 266MHz and the phase margin is 44 degree. Power 
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consumption is 10.2mW (not include the bias circuit) with +/- 1.5V power 
supply. 

5. HIGH LEVEL MODULATOR SIMULATION 
WITH OTA NON-IDEALITIES 

Once the OT A characteristic is extracted, it can be put through high-level 
sigma-delta modulator simulations. Figure 8 Shows a 5th order single-stage 
single-bit modulator optimised for OSR=64 [12]. A full SPICE level 
simulation of such a modulator is too time-consuming and often leads to 
inaccurate results. High level simulation (e.g. based on MA TL AB ) is 
therefore often adopted to efficiently evaluate the performance. To make this 
kind of simulation accurate enough to be useful, we must consider non­
idealities in the component model. It is known that in a sigma-delta 
modulator only the first integrator's non-ideality has dominant influence on 
the overall performance [12]. Thus in high level simulations only the first 
integrator needs to be modelIed with non-idealities, while a11 other 
components can be modelled as ideal. The non-idealities include kT/C noise, 
OTA noise, clockjitter, OTA slew rate, bandwidth and limited OC gain. The 
modelling of these non-idealities is described in [13]. The effect of clock 
jitter in sigma delta modulator can be simplified as its effect on the input 
signal sampling. The kT/C noise and OTA internal noise can be modelled as 
an input-referred random noise. The effect of finite OC gain can be modelled 
as a modification on integrator transfer function. The finite bandwidth and 
slew rate can be mode lIed with some form of non-linear integrator gain. The 
simulation uses a sampling frequency of 40MHz, and the signal band is 
312.5KHz (OSR=64). lt achieves a SNDR of 92.3dB (figure 9). Compared 
with the ideal case which has a SNOR of 110 dB (figure 10), about 18 dB 
SNDR is lost. This means the noise power caused by integrator non­
idealities is about 10 time larger than the pure quantization noise. The kT/C 
noise contributes most to this 18dB SNOR lost (with only kT/C noise, the 
SNDR will reduce to 96dB), while the OTA non-idealities contributes much 
less. 

6. CONCLUSIONS 

In analog circuits which need large WidthiLength ratio transistors (e.g. 
Op amp) we can consider using very short channel length transistors. With a 
proper design, the circuit can maintain its performance while having a 
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smaller die area and less parasitics. An OT A is designed in such a way for 
high-speed high-resolution sigma delta modulators. Its high performance 
makes it capable to work at a sampling frequency of 40MHz or more . 
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Figure 7. Transient response and frequeney response ofOTA 

Figure 8. A 5th order single-stage single-bit sigma delta modulator (The eoefiicients are 
optimised tor OSR=64. al=0.5734; a2=0.5279; a3=O.4495; a4=0.2588; a5=O.2620; 
gl =0.0032; g2=O.0375; bl =0.8711; cl =0.4087; c2=0.2200; c3=0.2264; c4=O.(528) 
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