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Abstract

We present a transimpedance amplifier stage based on a novel current mode feedback
topology. This circuit employs NMOS and PMOS transistors exclusively and requires neither
capacitor for stabilizing the transimpedance loop nor resistor for the transresistance feedback
and transistor loading. This amplifier circuit is fully compatible with submicron digital
CMOS processes. The active feedback network consists of two grounded-gate MOS devices
which split the output current in both the feedback and output branches. The transresistance
and the phase margin are adjustable through external DC signals. The measured rise time of
the impulse response of the amplifier implemented in an industri@ginhd.ZMOS process is

18 ns for a transresistance of 18Q knd 30 ns for a transresistance of 5&D Khe
measured Equivalent Noise Charge (ENC) is 800 rmiorean input capacitance of 20 pF

with the transresistance adjusted to 580 k
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1 INTRODUCTION

Transimpedance amplifier designs with low-noise and high-speed characteristics are
key components in many front-ends, such as optical data-link receivers, smart-pixel-sensor
amplifiers and preamplifiers for radiation detectors. The transimpedance configuration circuit
is also an attractive approach for fast amplifiers for silicon-drift and -strip detectors at the
LHC experiments. Several of the current sensitive preamplifiers for silicon-strip detector
applications have been designed in hybrid circuits with bipolar [1] and MOS [2]
technologies. More recently, transimpedance preamplifiers have been designed in bipolar,
integrated-circuit technologies [3-7].

The main features desired for fast front-end amplifiers are low noise, high gain and
excellent frequency stability. Moreover, the developement of front-end systems in radiation-
hard CMOS processes [8-10] for the future LHC detectors and advances in deep submicron
CMOS technology require design circuit techniques increasingly compatible with digital
CMOS processes. The active current feedback circuit principle presented in this paper
provides a means of improving the speed performance of a transimpedance amplifier without
sacrificing stability or noise, and is fully compatible with digital processes. This novel circuit
technique is very compact and enables control of the transresistance gain over a large range
(1-10), via an external current, again without affecting amplifier stability. The amplifier
architecture can accept a DC input connection with a leaky sensor, such as a silicon-strip
detector, without its performance being impared. This circuit does not require any additional
passive components such as capacitors or resistors and is therefore compatible with deep
submicron CMOS processes. Alternatively, the same circuit can be used to implement a high-
value feedback resistor(10 MQ) for a charge amplifier, by operating the active feedback at
very low current.

The active feedback loop circuit principle is presented in Section 2, and is compared
with the traditional transresistance feedback structure. In Section 3 the implementation of the
active feedback in a transimpedance amplifier in CMOS technology is presented and crucial
design issues are discussed. The first experimental results of the active feedback
transimpedance amplifier are presented in Section 4, in particular, the noise characteristics.
Section 5 concludes the paper with discussion of the future development of this circuit.

2 THE ACTIVE FEEDBACK PRINCIPLE

Figure 1 shows a basic circuit diagram for a traditional CMOS or bipolar
transimpedance amplifier. Low-noise performance is ultimately determined by the parallel
input noise current, inversely proportionalRp Hence, from the point of view of noise, a
high value ofRs is desired — typically above 10@k— to keep the parallel Equivalent
Noise Charge (ENC) contribution below 500 rms electrons for a system peaking time of 25
ns to 50 ns. One important consideration is the maintenance of stability under all operating
conditions. Major parasitic capacitances affecting the frequency response of the amplifier are
shown in Fig. 1. Assuming that the Miller effect of Cm is negligible, the dominant and
second poles are given by:

ood:jL and wy = L :
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Fig. 1 Traditional transimpedance amplifier using a feedback resistor. The input device T1, here a MOS
transistor, is also in several designs a bipolar transistor. An additional frequency compengatias by

commonly used to improve stability, at the expense of a gain-bandwidth reduction.

where Ag is the open loop voltage gain, aQgly represents the detector capacitance,
amplifier capacitance and the interconnected parasitic capacitance.
The stability of the amplifier modelled with a two-pole transfer function imposes a
minimum phase margin of 8&nd an ideal one of more than®/fequiringwg to be at least
2.7 times larger thamoy . In practice, such an amplifier design requires an additional
feedback compensation capacitor to add a right-half-plane zero, in order to keep the stability
unaffected by the variations & , R. and Cjy. The drawback of this compensation is a
reduction of the amplifier gain-bandwidth product.
This problem is addressed by using an active feedback network based on two MOS
devices, MP and MR, as shown in Fig. 2. The transistor MR placed in the feedback path
of the transconductance amplifier, A, where the conventional feedback resistor and transistor
MPg loads the output node OWT Transistor MPis in saturation and is biased close to weak
inversion by the current source MITherefore, MP acts as a cascode stage across the
feedback path so that it replaces the feedback reststand the load resistd®_, and does
not require the buffer depicted in Fig.1. It also maintains adequate biasing conditions for the
amplifier A. An additional advantage is that it provides a supplementary current output,
OUTI.
The transconductanggng determines the effective feedback resi&oy the effective
load resistorR_. and the mid-band gaiAg, which can be expressed for weak inversion
operation as:
Ri=——, Ro=—, A= with gms =21,
gmsy gmsy gms KT )
wherek is the Boltzman constant aiidthe absolute temperature.
Thus, the dominant and the non-dominant poles become:
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Fig. 2 Circuit principle of the active feedback loop. jVits as a feedback resistor adjustablel wiaViPg
provides the phase margin adjustment. The amplifier has two outputdZ OWith a high transresistance gain
and small dynamic range; and OlJTwith a large dynamic range and current gairg) / gmg,

where® = (@MS¢ )/(QMSy + M), One can note that both poles can be controlled.dy
one assumes that the transistor pair formed by Bl MRy works in weak inversion, the
drain currents ank can be expressed as [8]:

=gy e—(qu/nkT)[ o(Vsa/ nkT) _ e(qu/nkT)] 1
_ —(Voq / nkT \Vsq/ nkT Vyq/ nkT
IO = lsate ( od )[e( sq )_e( dd )] , (4)

with
K = 1
B 1+e—[(Vo =Vi)q/nkT]

wherelgtis the saturation drain curres the voltage of the output node avigl the drain
voltage of MR and MR.

Therefore, the phase margin controlledkbyan be adjusted by the differential voltage
Vo-Vi.

Assuming that the zeros introduced by Miller capacitances and the internal pole of the
stage A are negligible, the gain of the transconductance amplifier can be modelled as a
second-order system which can be expressed by a two-pole transfer function:

Vout(s) ___1 1 |
lin omsy g2 GNCL 4 o1 Cin yg
gmgms K gmy (5)

G(s) =

For a phase margin between°5&nd 76, the roots of the denominator occur as
complex-conjugate pairs. In this condition, the inverse Laplace transform of Eq. (Stémr a
response has the following expression:

1 0 gt/
G(t)=——— [1— sin Ebo d ’1 +arcsin / r— %
amsg o 41- (1/4E

(6)



where & = k JOMCL/gmsCn ) and wc =(gmams; /CLEN) —rp g response of the

amplifier to an input current impulse obtained by differentiation of Eg. (6) is plotted in Fig.
3 for typical parameters of a Opgin CMOS technology and with an equivalent feedback
resistance of 300k A peaking time of 15 ns is calculated with a phase margin ofor0

Cin =20 pF andymy = 5 mS.
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Fig. 3 Output pulse transient response of the active feedback amplifier shown in Fig. 2. The circuit has been
modelled for a 0.um CMOS technology as a simplified second-order systenas been adjusted by — Vo

to obtain a phase margin of70@’ime scale is in ns and amplitude is normalized to 1.

3 LOW-NOISE TRANSIMPEDANCE PREAMPLIFIER WITH ACTIVE

FEEDBACK

The practical implementation of the active current feedback circuit is shown in Fig. 4.

It uses the direct cascode configuration built with NMOS or NPN bipolar transistors T1 and
T2. In thecase of MOS devices, the input transistor T1 is sized to match the sensor
capacitance for minimum noise, whereas the aspect ratio of the cascode transistor T2 is
chosen to reduce the parasitic capacitance on the output node. In the case of bipolar input, the
transistor geometry is sized to keep the base-spreading resistance negligible in comparison
with the equivalent noise resistance of the collector shot noise.

Here we study only the MOS version. The active current feedback loop is implemented
by the PMOS transistor MRand the current source MiWith the load transistor Mp
transistor MIP acts as a cascode stage across the feedback loop and loads the output node
with its source resistancdging. MPs and MR) sizes are close to the minimum sifg (
minimum), in order to keepq as high as possible. The adjustable current sourebibfes
MPs close to weak inversion for a drain current in the 50 nA A Tange. The mid-band
input resistance of the active feedback transimpedance amplifier is determined by tRe ratio
[Ag = 1lgms, which is not dependent .

The DC operating biasing of the amplifier, shown in Fig. 4, is set by three external
voltage sourcesMcas Vi andVp) and two external current sourcdg @nd Ip). Drain
voltages of T1 and T2 are entirely set by gate voltAgesandVcas The current balance
If — lp is set byWo. This biasing scheme enables single-rail, low-supply voltage operation.
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Fig. 4 Circuit diagram of the active feedback transimpedance amplifier in CMOS technology.

The setting and polarity of the input current souggeefines three dynamic modes of
amplification for the output OUN:

1.

2.

Linear mode: when the input signal is sufficiently small comparedigp the
amplification is practically linear (& 300 nA and input chargel?2 fC).

Square root compression:when the polarity of the input signal is negative and
large compared tbg, gmg varies like the square root of the input current {MP
strong inversion). Hence, the amplifier accomplishes a square root compression of
the input signal.

. Non-linear mode: when the polarity of the input signal is positive amgdis

sufficiently small (100 nA), the input signal forces the feedback cutferto O,
switching MR off. Then the feedback is opened and the circuit is configured like an
open loop transconductance, which enhances the gain considerably (by about a
factor of 10). This effect can be used to obtain a non-linear signal processing in such
a way that signal and noise level below the switching threshold are dynamically
compressed. The technique can be applied to decrease the noise hit rate of readout
electronics for a binary or sparse-data-scan-readout system.

The current-output OUT delivers a linear-output signal with a current gain,
lout/ I = 9MSH/ gms¢ . This output can be used in current mode with a low impedance load
or in integrating mode with a capacitive output node, with the current output @arKing
like a charge amplifier output.



SPICE simulation of the circuit produces the transient impulse response shown in Fig.
5. The simulation indicates a more symmetric pulse shape than the calculated result of Fig. 3.
Secondary poles and zeros of the direct cascode amplifier not included in the second-order
calculation explain this difference.

Fig. 5 SPICE simulation result: transient output pulse responsé fer 250 nA. The drain current of the
cascode amplifier is 400A andCy = 10 pF.

The noise contributions of transistors M#Ad MR operating in weak inversion can be
expressed from Eq. (2) as the power density of the noise current at the input:

, - 1 1 4KT
In% = In,2 :4kTE agms == R
f (7)
Hence, the total parallel input noise current is
- - 4KT
In% + |n|2 = ? :
f (8)

which is equal to the noise of a traditional transimpedance amplifier. If the design could be
optimized to operate MRand MR in strong inversion witlymg << gmsg, the parallel noise
would be slightly improved. In this case the total parallel noise current would be:



n? = 4kT§ gmy :é%
f 9)

Thus, the parallel noise decreases by 30% when compared to a conventional feedback
resistor. Noise analysis is here done assuming that the bulk transconductance associated with
the bulk noise resistance of M&hd MR) does not contribute to the noise. This assumption is
justified because MPand MR have noise resistance larger than 100 Which is much
higher than the bulk noise contribution of a small geometry transistor.

The series-noise contribution of the active feedback amplifier is essentially identical to
the conventional transimpedance or charge amplifier and is mostly determined by the noise
characteristics of the input transistor T1. It can be noted dbeduse of its high gain
(10 mVI/fC), this configuration exhibits a greater robustness against second-stage noise
contribution than a fast charge amplifier.

4 EXPERIMENTAL RESULTS

The active feedback transimpedance amplifier circuit of Fig. 4 has been designed and
fabricated using industrial 04Zm CMOS technology. The T1 input NMOS device has a
size of W/L = 200Qum /1.2pum and is biased at 4QA. The MR and MRy transistors have
a size of W/L = 2um /4 um. The preliminary measured output pulse shape response for
charge input of 1 MIP(4 fC) is shown in Fig. 6. The measurement has been performed with a
test board presenting a minimum input capacitance of 10 pF. In these conditions the active
feedback circuit shows an excellent stability. The adjustment of the phase margin with the
differential voltage
Vi —=\p has been verified and works as predicted. The results from experimental output pulse
responses shown in Fig. 6 fully agree with SPICE simulations.

Fig. 6 Measured output transient pulse responsésforl20 nA, 186 nA, 235 nA, 580 nA. The drain current
of the cascode amplifier is 400 mA a@gy = 10 pF. Rise time varies from 18 ns to 30 ns.



The transresistance of the active feedback circuit has been measured as shown in Fig. 7.
The variation of the transresistance by a factor of 3 from 190-G88 kbtained for amg
variation of a factor 4.7, from 580-120 nA. This result is slightly different from the
calculation of Eq. (2) which predicts a linear dependence. The reason is that the transistor
MPs, for Ig above 200 nA, begins to operate in moderate inversion.
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Fig. 7 Measured transresistance as functiorResult of the fit indicates that fiy above 200 nARs is not
linear withlf but is a power function, because MR working in medium inversion.

The ENC, shown in Fig. 8, has been measured as a function of the input capacitance for
three different feedback currents and at bias current of the input branch jpA 4pfviding
an amplifier transconductance of 7 mS. Egy = 0, a parallel noise, ENCp = 250 electrons
rms, is measured for the higher feedback resistance of @&% k= 120 nA). The measured
noise slope is 30 electrons rms/pF, obtained for a rise time of 45 ns. When the same amplifier
parameters are used to make the noise calculation for a charge amplifier followed by a CR—
RC? filter, we obtain a noise slope of 32 electrons rms/pF and a value of ENCp = 200
electrons rms aCjy = 0. The series-noise difference can be explained by the rise-time
variation with the input capacitance, which decreases the measured noise slope. The
difference between the calculated and measured parallel noise can be explained by the
uncertainty as to the absolute value of the total input capacitance, which in our test set-up is
10 pF+£ 1.5 pF. Taking into account these effects, experimental results and calculation agree
very well.
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Fig. 8 Experimental noise measurement of @MOS active feedback amplifer expressed as ENC as function
of CjN. The measurement is done for three valuel. dfor I = 120 nA (560 R), the noise slope is 30 el.

rms/pF and ENC = 250 el. rms@yy. = 0 pF.
5 CONCLUSIONS

A new active feedback technique for transimpedance amplifiers is preser@ddOS
amplifier circuit based on this novel technique has been designed and tested. This circuit
employs n-channel and p-channel devices exclusively. The feedback resistance of the
amplifier is adjustable from 150-70@kvia a DC current. The phase margin of the amplifier
is precisely adjustable via a DC voltage. The measured transimpedance gain is 40 mV for an
input charge of 25 000 electrons, with a peaking time of 45 ns for a transresistance of 500
kQ. In these conditions, a total noise of 800 electron rms is obtained for an input capacitance
of 20 pF, making this circuit very promising for low-noise and fast-preamplifier applications.
Comparable designs using radiation-hard CMOS and BIiCMOS technologies are in
development. Preliminary simulations of these versions indicate the same circuit behaviour
with a faster rise time.
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