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Abstract— We have investigated information transmission in
operational transconductance amplifiers (OTA) using choppr
modulation. Previous work showed that the optimal frequeng
bandwidth for an OTA was much higher than typical operating
frequencies. Here we analyze the information transfer rate for
a folded cascode amplifier and a chopper modulated folded
cascode amplifier using the principles of information theoy.
The frequency transfer characteristic and intrinsic physical noise
source of each device is modeled using process dependentseoi
parameters and the waterfilling technique is applied to detemine
the capacity as well as information rates for low frequency
signals. Simulations are experimentally verified using cituits
fabricated in a commercially available 3-metal, 2-poly 0.5um
CMOS process. Fig. 1. Folded Cascode OTA: all nmos: 15/&fs and M7: 70/5; M4 and

Ms: 105/5

|I. INTRODUCTION

Operational transconductance amplifiers (OTA) are a ba-
sic building block for modern micro and nanoscale sensofdditive Gaussian noise the capacity of the channel can be
However, as feature sizes scale down, the noise contributf@und easily using the water-filling technique in the spaictr
of each MOS device in the OTA increases and the oT@omain. Circuits are considered to be composed of a cascade
performance suffers from reduced signal to noise ratios i Of analog stages each with its own transfer function and
an extremely important factor in designing sensors whege tRquivalent input noise sources. The input signal power is
input signal is small compared to the circuit noise, a commd@#ocated to the frequency bands with lowest noise spectral
problem for lab-on-a-chip systems and other densely indensity such that the total spectral densitysefnal + noise
grated systems. Examples of these types of integrated rsené® constant over the allocated frequency range. In this work
are bioamplifiers which amplifiy weak extracellular signalgVe consider two types of MOSFET noise, thermal and flicker.
fluorescence (image) sensors based on fluorophores with wEHgKer noise is caused by fluctuation in the number of charge
emission intensities and capacitive sensors which serse @R'tiers as they are trapped and released from traps loa&ted
weak capacitive coupling between a cell and substrate [1f2€ silicon-oxide interface. Thermal noise is caused byntiaé
[3]. agitation of charged carriers and is a white noise process
In previous work we investigated the information transmidtdependent of voltage.
sion of OTAs by modelling input-referred noise and determin Section Il gives an overview of the amplifier design and
ing the channel capacity for transmission of analog signdl¥e chopper modulation technique. Section Ill computes the
through an OTA using an information theoretic approach Hheoretical noise and information capacity for the amplifie
which the circuit was treated as a Gaussian communicatialene and for the amplifier using chopper modulation. Sactio
channel with colored noise [4] [5]. The technique was applidV presents measurement results, and Section V summarizes
to simple and wide range OTAs. The signal frequency baitie work.
for optimal use of the OTA was found to be around the
second pole of the frequency response, much higher than the
typical operating range below the first pole. This suggests!!. AMPLIFIER DESIGN AND CHOPPERSTABILIZATION
that strategies such as signal modulation might provideemor TECHNIQUE
efficient use of an OTA from the perspective of information
transmission. Here we extend the previous work to analyseThe amplifier considered in this work is a fully differential
the information capacity and efficiency of an amplifier thablded cascode operational transconductance amplifigri(Fi
employs chopper modulation. This amplifier typically has a high open loop gain which
By considering the circuit as a communication channel witimplies that it has a low input-referred noise.



B. Chopper Amplifier Architecture

The chopper modulation technique shifts the input signal
to a higher frequency, amplifies it and then demodulates it
back to the baseband. Fig 3 shows the principle of chopper
modulation where the output voltage is given by [6]

Vout = (Vinm (t) + vn) Am (t) )

wherem(t) is the modulating signal alternating between 1 and
= -1 with frequencyf..p, andv,, and A are the noise and gain
of the amplifier respectively. This equation can be simglifie
to

Fig. 2. Simplified Small Signal Model

Vout = V;nA + Unm(t)A (6)

The Fourier representation ei(t) is

Vin e a b Q Vout m(t) — i 2 6.7'(2n+1)fchopt (7)

S i@n+
m(t) A m(t) This leads to a power spectral density of the output noisengiv
Fig. 3. Generalized schematic of a chopper amplifier by 9 2 o 1
S(f) = (;) n;w WSN (f = @n+1) fenop)
A. Fully Differential Folded Cascode OTA (8)

For differential signals the small signal circuit model folVhereSx is the noise spectral density of the OTA alone. |f

this amplifier can be simplified to the form shown in Fig "€ 3dB cutoff frequency is much larger than the chopping

where the capacitoi§;, C» andCs represent several parasiticfreq”ency and the input noise is a 1/f source, then the 14 pol

capacitances within the circuit. is moved to the odd harmonics of the chopping frequency
and can be approximated by a white noise component at

Ci = Cyaa+Cyss (1) lower frequencies. For an input noise that is white, the inpu
Co = Cyaro+ Cyas (2) referred noise of the chopper amplifier is also white and

of a lower magnitude than the original amplifier noise, and
Cs = Cyas+ Cyas + Cys1a + Cys18 + C1L () g ¢ b

it asymptotically approaches the original input noise as th

The transfer function is derived using nodal equations daseatio of the cutoff to the chopping frequency increases. [&hi
on Fig 2. The low frequency gain is given lay,; R, where this analysis neglects the flicker noise contribuitons @ th
R, is the equivalent resistance looking into the drains\hf modulator and demodulator, it can be used to determine a

and Ms. The full transfer function has the general form:  lower bound on the input referred noise of the amplifier.

v ( _ i) (1 _ i) I1l. THEORETICAL NOISE AND INFORMATION CAPACITY
‘;Ut = A - 11 - 12 - (4) A. Theoretical Noise
( B P_l) ( - 17_2) ( B P_S) Output noise is modelled by considering the flicker noise

with the dominant pole given by/R,Cs. The first zeroz; is and thermal noise models [8] given by

given by g,,1/Cyaq1, the second zere, can be approximated Koo
asgms/Ca. The higher poles are approximatedgas /C- and Sr, =v4KT g, + ]%’:7‘11;2 (9)
gmG/Cl. 'f orHeff

where Ky, Ay and E; are process dependent constants,
Coz, gm and L.y are the usual MOSFET parameters and

_pnill phil v changes with the transistor oeprating region. The current
° 1 L L spectral density of the noise sources for each transistor in
+ phiz| b ohiz = v the amplifier is modelled according to (9) and then referred
Vin + o back to the input of the amplifier by dividing by the transfer
" l_ - function from the input to that point in the circuit. The neis
ES phi2 contributions derived in this way are shown in Fig 5 which
phil compares the input-referred noise of the OTA and the OTA

with chopper modulation under the same bias conditions at
Fig. 4. Detailed schematic of chopper amplifier two chopping frequencies. For ideal feedback the equitalen
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Fig. 5. input-referred noise of the amplifier alone and thepgler amplifier Fig. 6. Capacity as a function of Power

at two chopping frequencies

principle either those frequencies below or above the cimgpp
input noise generators may be moved unchanged outside fitegjuency could be used (but not simultaneously).
feedback loop without affecting circuit noise performaniee We now examine in greater detail the information transmis-
modulator/demodulator switches are assumed to be naselsion under the assumption that the input-referred noisebean
and any noise due to charge injection and clock feedthrougpproximated as white noise below the chopping frequency
is neglected. The overall input-referred noise is cupstiage (Fig 5) and the input signal is also restricted to be less than
higher frequencies the gain decreases and the minimum infh# chopping frequency. Clearly a frequency bandwidklf,
noise occurs near the second pole of the amplifier. In Fig fust be chosen such that it lies between some lower limit
SN chop 1S plotted for the first 30 terms of series of the equatioand upper cutofff.. Waterfilling in this case gives
in (8). At low frequencies the noise for the chopper amplifier
is white and starts to increase as the frequency approaches P(f)=(v—No)Af (11)
the chopping frequency. At the chopping frequency and odd
harmonics thereof, the noise is infinite since 1/f is transfed Wherev is a constant, and allows us to explicitly solve for the
to 1/(f — fenop), Which is replicated at odd harmonics of thénformation rate

chopping frequency for square wave modulation. fa _
1:/ logs (1+ v NO)Af) df (12)
B. Information Capacity fi N
The capacity of a Gaussian channel with colored noise $8nce the term inside the logarithm is constant, this exgioes
given by the waterfilling technique [9] as can be simplified as
f2 v—N(f) P
C= lo 1+7)df 10 C=Aflo (1+ ) 13
[ 1og (14 575 (10) flogs (14 30 13)

whereP = (v — N(f))Af is the input signal power and/  where P is the total signal power and N is the total noise power
is the noise spectral density.is the total spectral density ofin the operating range. Increasing the signal power for the
signal and noise over the signal bandwigihto f». Applying chopper amplifier causes the totalnal + noise to increase,
this to the amplifier without modulation we obtain the fa@mili but not as steeply as for the linear amplifier. This impliest th
results of the waterfilling technique, where the capacitg isthe information rate of the chopper amplifier is higher than f
monotonically increasing function of signal power, witheththe linear amplifier. Fig 6 shows that the capacity of the #mp
signal allocated over an optimal frequency bandwidth. F@TA is higher than the capacity of the chopper amplifier at
typical amplifiers and OTAs this implies that signal power ifigh signal power. This occurs because the frequency range
optimally allocated at frequencies near the second poleef tof the chopper amplifier is restricted below the chopping
amplifier. frequency, whereas the optimal frequency range is unbalnde

When modulation is introduced, input signals above tHer the OTA. At very low signal power the capacity of the
chopping frequency would experience unacceptable afiasichopper amplifier exceeds the capacity for the OTA for high
rendering the signals indecipherable and making the bamthopping frequencies. In Fig 7 we restrict the allowed digna
width above the chopping frequency unsuitable for signbBbndwidth to below the amplifier cutoff frequency and find
transmission. This occurs because the modulating sigral ishat the information rate is consistently larger for the mber
square wave made up of an infinite sum of sine waves. dinplifiers and that information rate increases with chogpin
a pure sine wave was used as the modulating signal, therfrequency.
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IV. MEASUREMENTRESULTS g0 "l N
We fabricated a test amplifier along with modula- . ) '\"w .
. . . . . 10 - - -
tor/demodulator circuits in a commercially available /% 10° ’ 10°

10
3-metal, 2-poly CMOS technology. A photomicrograph of the Frequency (Hz)

fabricated amplifier is shown in Fig 8, the OTA is 5416 X gy o
80.4um and the power consumption is £0/. The modulators

are implemented as cross coupled switches and the clock in-
puts are non-overlapping (Fig 4). Transmission gates azd us V. CONCLUSION

to reduce the effects of charge injection and clock feedthino  \ve have analyzed the capacity and information transmission

The transfer function and output noise of the amplifier Wltrhte of a folded cascode OTA and a Chopper modulated folded

and without the modulators/demodulators was measured usidscode OTA. Chopper modulation provides for efficient dse o

network/spectrum analysers (Agilent 4395A and 4396B) atsgynal power as it minimizes the device noise at low frequen-

bias current of 10.A. The measured experimental output noisgies. This implies that chopper modulation is an efficieny wa

was divided by the measured transfer function and the iBgUltto imp]ement sensors that transduce very weak input Signa|s

input-referred noise is shown in Fig 9. We have shown experimental results for the capacity and the
The input-referred noise of the amplifier exhibits the tgbic information rate that track theoretical predictions.

cup shape and the noise of the chopper amplifier exhibits
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