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Design of High-Performance Photodiode
Receivers for Optical Tomography

Paul Wright, Krikor B. Ozanyan, Stephen J. Carey & Hugh McCann

Abstract—The design of instrumentation hardware for
tomographic systems must take careful account of measurement
noise. This is especially true in near-infrared absorption
tomography, where the signal of interest is typically only a few
percent of the total signal at the detector and the available optical
power may have to be shared among many measurement
channels.

In this paper, the monitoring of photodiodes in near-IR
absorption tomography is examined in detail but much of the
material is applicable at wavelengths ranging from the UV to
beyond 2.5 pm. The authors’ application involves the frequency
region 50 kHz to 2 MHz, which lies above that utilized in the
majority of radiometric sensing systems, yet substantially below
telecoms bit rates. The problem is further distinguished by the use
of phase-sensitive detection schemes, which make local noise
density more relevant than wideband noise performance and
relax the requirement for DC precision.

Alternative transimpedance circuit configurations, including
both single-ended and differential topologies, are analyzed with a
view to optimization of signal to noise ratio (SNR). Typical values
of photodiode capacitance and shunt resistance are shown to
result in significant noise gain, greatly increasing the importance
of amplifier voltage noise relative to other intrinsic noise sources.
It is shown that, for applications of this type, viable alternatives
to the traditionally dominant FET amplifier do exist. The relative
susceptibility to coupled interference is also considered. The
results of practical tests, involving class-leading operational
amplifiers, are presented to support the analyses. These results
also underline the need for careful circuit layout and shielding if
the capabilities of these devices are to be fully exploited.

Index Terms—photodiodes, tomography, amplifier noise.
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[. INTRODUCTION

PTICAL tomography is beginning to find application in
both medicine and industry [1], [2]. Previous work at
UMIST has demonstrated the considerable potential of near-
infrared absorption tomography (NIRAT) as a tool for the
study of hydrocarbon distribution in the cylinders of internal
combustion engines prior to ignition. The present NIRAT
system, illustrated schematically in Fig. 1, is a 32-beam hard-
field tomograph operating at 1550 nm and 1700 nm
wavelengths [3].
Currently, efforts are underway to increase the available
frame rate to provide more detailed information at high engine
rotation rates. Hindle [4] studied the impact of noise in the
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Fig. 1. Schematic representation of a 32-beam near-infrared absorption
tomograph.

individual path concentration integrals on reconstruction
accuracy and precision, and concluded that, although present
SNR levels are adequate, little additional degradation can be
tolerated. This constraint, in conjunction with the presently
modest power output of commercially available solid-state
sources at these wavelengths (I mW to 5 mW) and the
inherently weak absorption signals (less than 10% of optical
throughput), makes a low-noise detection and amplification
scheme vital to the success of this work. In the current system,
around 3 uW (peak) of 1700 nm radiation arrives at each
receiver, yielding a full-scale absorption signal equivalent to
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150 nW, for typical conditions (stoichiometric air-fuel mixture
at 10 bar and 125°C). Phase-sensitive detection (PSD) is
already being used to aid signal recovery, so improvements
must be made in the front-end optical and electronic systems
preceding this.

The choice of sensor type is relatively straightforward;
photodiodes offer unrivalled performance in applications of
this kind. Depending upon the semiconductor chosen, they can
be used from 300 nm to beyond 2.4 pm. They offer excellent
linearity, good sensitivity and are far more robust, cheaper and
easier to use than the photomultiplier tubes traditionally
favored for low-level optical measurements. Most photodiodes
represent a good approximation to an ideal current source and
are normally used in conjunction with some form of current-to-
voltage converter, most often a transimpedance amplifier (Fig.
2). It is in this front-end conversion/amplification process that
the greatest scope for SNR improvement exists.

Various authors have considered photodiode monitoring
(e.g. [5]) but the most comprehensive treatment of the topic is
that of Graeme [6]. The extent of the latter work only serves to
underline the surprising complexity of the problem. Much of
the published material addresses one of two distinct domains;
low-frequency sensing applications, requiring good precision,
or telecommunications receivers, with bandwidths usually in
excess of 10 MHz. The tomographic application typically lies
between these two extremes of frequency. It is further
distinguished by the use of phase-sensitive detection, which
reduces the required DC precision and alters the relative
importance of the various noise mechanisms, as discussed in
Section II.

The high feedback resistances, that are typically necessary
in photodiode amplifiers, have traditionally pushed designers
towards the use of FET-input amplifiers, with their ultra-low
bias currents, to achieve acceptable DC performance. Indeed,
some of Graeme’s analyses presume the use of FET amplifiers
from the outset, allowing amplifier current noise to be
considered negligible. The authors will show that in the
tomographic case, at least, other approaches do merit
consideration when SNR is paramount.

Common current-to-voltage converter circuits are examined
in Section II. The merits of the various configurations are
considered with particular regard to signal bandwidth and the
noise mechanisms present in each case. Section III compares
predicted and measured performance, assuming realistic
photodiode parameters, and highlights the importance of
layout and shielding in realizing the capabilities of state-of-
the-art operational amplifiers in this application.

II. CIRCUIT ANALYSES

A. Overview

The classic transimpedance amplifier is the most widely used
arrangement for high-sensitivity (zero-bias) photodiode
monitoring, and is discussed in part B. A differential
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Fig. 2. Classic transimpedance amplifier. An expanded representation of the
photodiode with explicit photocurrent source Iyn, shunt resistance Rsy, and
diode capacitance Cp is shown. For simplicity, this representation is
replaced in subsequent figures by a standard diode symbol.

alternative, based upon the instrumentation amplifier topology,
is examined in part C. For each of these two circuits, the signal
bandwidth is considered and then five intrinsic noise
mechanisms are examined; detector shot noise, detector
Johnson noise, amplifier current noise, feedback Johnson noise
and amplifier voltage noise. (Throughout this paper, these five
terms are used either to denote the input-referred noise
contribution of the mechanism in question, or to refer in
abstract terms to that mechanism. All noise processes are
considered in terms of spectral density.) Part D considers the
resistive-tee feedback arrangement sometimes used in circuits
of this type. Finally, a simpler, single op-amp, differential
configuration is discussed in part E.

B. Classic Transimpedance Amplifier (TIA)

Consisting of a single operational amplifier and feedback
resistor, the latter possibly shunted by a capacitor for
bandwidth limitation or gain stabilization, the simplicity of this
circuit (Fig. 2) belies its effectiveness. Given a suitably fast
operational amplifier, the transimpedance gain will be rolled
off by the combination of stray and supplemental (if any)
capacitance Cs. Controlled gain peaking may be used to extend
the useful bandwidth, in which case the gain and phase
responses of the amplifier must be carefully considered. The
signal (transimpedance) gain, for an operational amplifier of
open-loop gain AoL, is then given by

A — & — _AOL |
W, Ity 1 M
Zf Z,
where
Z, =R, " Cs 2
and
Z; =Ry ” Cp ” Z, 3)

represent the complex feedback and input impedances
respectively. In many cases, the differential input impedance
of the amplifier,
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will not produce a significant change in Z; but it can be
important when considering small area photodiodes or
amplifiers with bipolar input stages. The contributions of the
five noise mechanisms are summarized in Table I. The RMS
noise sum is often dominated by only one or two of these
terms. Detector shot noise, detector Johnson noise and
amplifier current noise all see the signal gain of the amplifier
so SNR improvement can only be effected by addressing the
multiplying factor in each case. For example, shot noise in the
detector increases as the square root of the signal photocurrent
1,5, whereas signal output increases in direct proportion to the
photocurrent. In a system where detector shot noise is
dominant, SNR can only be improved by increasing the signal
photocurrent. Similarly, detector Johnson noise can be reduced
only by cooling the photodiode or by use of a higher shunt
resistance detector. This term assumes great significance in
mid-infrared systems, where detector shunt resistances tend to
be much lower, but only constitutes around 0.5% of the total
noise in the NIRAT system. The contribution arising from
amplifier current noise is wholly determined by the properties
of the amplifier selected. The use of a low bias current, usually
FET-input, part will often render this term insignificant (the
shot noise of the bias current is one contribution to amplifier

TABLE 1

NOISE CONTRIBUTIONS AT THE OUTPUT OF A
CLASSIC TRANSIMPEDANCE AMPLIFIER

Noise Mechanism Contribution at Output

Detector shot noise 2ql ,, - Age

ph

Detector Johnson noise

4kT, / RSH ’ ASIG

Amplifier current noise Iy- ASIG
Feedback Johnson noise [4kTR P

Amplifier voltage noise e, 4,

Where ¢ =1.6x107" C is the electronic charge, the Boltzmann constant
k=138x102J-K™, T'is the thermodynamic temperature (kelvin), and
in(A/vHz ) and e, ( V/+vHz ) are, respectively, the input current and

voltage noise densities of the operational amplifier.

current noise).

Given adequate open-loop gain, the Johnson noise of the
feedback resistor appears directly at the output and, unlike the
preceding three terms, does not see the signal gain of the
amplifier. For signals within the bandwidth of the current-to-
voltage converter, however, SNR will improve as the square
root of Ry, leading to the selection of high values of feedback
resistance, limited primarily by DC performance
considerations.

Amplifier voltage noise makes the most complex, and often
most significant, contribution to the total output noise. The

-, Open-loop gain limit
0=1/RC P Pe

1
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Fig. 3. Noise gain of the transimpedance amplifier.

input referred voltage noise of the operational amplifier is
multiplied by the circuit’s noise gain 4,. (the reciprocal of the
feedback fraction), rather than the signal gain Agc,

_ R, /(R | Rue) + R, (Cp | Can [1G5) s
" 1+ R, Cys

)

This can increase the relative contribution of this noise
source by several orders of magnitude when monitoring large-
area (high capacitance) photodiodes. The form of the noise
gain is shown in Fig. 3. The logarithmic frequency scale used
places undue emphasis on the low-frequency region; it is
important to appreciate that the vast majority of the amplifier’s
bandwidth is affected by noise gain peaking. Note also that the
noise gain in the plateau region is a function only of the circuit
capacitances; it is independent of Ry It may seem appealing to
reduce the modulation frequencies employed in the phase-
sensitive detection scheme to avoid this noise gain peak.
However, analysis reveals that achieving this, whilst remaining
above the 1/f noise corner, places severe restrictions on the
signal bandwidth available after demodulation.

C. Fully Differential I-V Converter

The circuit of Fig. 4 is closely related to the three op-amp
instrumentation amplifier but is more readily understood as a
pair of classic TIA’s followed by a differential amplifier. This
topology is intended to exhibit improved rejection of common-
mode interfering signals, as compared to single-ended circuit
arrangements. Its performance has much in common with the
classic TIA but subtle differences do exist. For a given
transimpedance gain, the differential configuration allows each
individual feedback resistor to provide half of the total
resistance requirement. Assuming the stray capacitance
remains unchanged, increased bandwidth will result. This split
configuration does impact on noise performance, however.
Amplifier voltage noise is effectively increased by 3dB at all
frequencies, compared to the classic TIA. Amplifier current
noise is reduced by 3dB at low frequencies but increased by
3dB above the R/Cs pole. In practice, the region of greatest
interest often lies near to or just below this pole so the current
noise situation may be marginally improved.

An arguably more significant feature of the differential
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Fig. 4. Fully differential I-V converter. The amplifiers’ input capacitances
and resistances are not shown explicitly.

configuration is its ability to reject interfering signals. With
careful layout, a highly symmetric input stage can be realized,
giving excellent scope for common mode rejection in the
following amplifier. In some instances this will outweigh
intrinsic noise considerations. Although it is possible to
implement this circuit using a monolithic instrumentation
amplifier, the values of feedback resistance used in
commercial parts (<10kQ)) are inappropriate for most
photodiode monitoring applications, making construction of
two discrete classic TIA’s necessary. Careful matching is
necessary to maintain good common mode rejection
performance but will also improve DC precision as some
cancellation of offsets will occur.

D. Resistive-Tee Feedback Network

Rather than being a circuit in its own right, this is a
modification that can be applied to the feedback network of
the classic or differential transimpedance circuits described

e

®
R,
| 78

Fig. 5. Resistive-tee feedback arrangement applied to a classic TIA.

above. Fig. 5 shows its application to a classic TIA. The
replacement of the high-value feedback resistor with a resistive
tee-network allows the synthesis of very high equivalent
feedback resistances but has a, partly justified, reputation for
poor noise performance [6]. In this circuit R; and R, form a
voltage divider that presents a fraction of the output voltage to
Ryr. Provided R; and R, are small compared to Ry, the
effective feedback resistance Ry, defining the transimpedance
gain, is given by

R, ~R,(1+R/R,). (5)

This allows high effective feedback resistances to be

realized using relatively small values of resistance. This is
especially useful in high bandwidth, high gain, systems that
would otherwise be limited by the action of stray capacitance
on Ry A further benefit of the tee-network is a reduction in the
output offset arising from the amplifier’s bias current
requirement by a factor of 1 + R;/R,, albeit at the expense of a
proportional increase in the output error resulting from
amplifier offset voltage.

The noise performance of the tee-network can be a cause for
concern. The noise mechanisms are essentially identical to
those encountered in the classic TIA. For a given level of
transimpedance gain, the contributions of detector shot noise,
detector Johnson noise and amplifier current noise will be
equal to those found in the classic TIA. The low-value
resistors R; and R, do not add significant Johnson noise. The
action of the tee-network applies a scaling of 1 + R;/R> to the
noise of Ry but this is partly offset by the reduced value of this
resistor compared to the R; required for a given
transimpedance gain. Overall, the feedback network
contribution to the output noise will be (1 + R;/R;)*° times
greater than in an equivalent classic TIA. For modest values of
Ri/R; this increase may not lead to a significant change in the
total RMS noise if other mechanisms remain dominant.

The noise gain, and therefore the amplifier voltage noise
contribution, of the resistive-tee is subtly different to that of
the classic TIA. In the low frequency limit, an increase in the
noise gain has indeed occurred. This is accompanied, however,
by an increase in the frequency at which the onset of gain
peaking occurs (the zero formed by the action of (Cp || Caump ||
Cs) on Ryr). Far more significant is the high frequency region
of the noise gain curve, which is identical to that of the classic
TIA; in the high frequency limit we have 1 + (Cp || Camp)/Cs as
before. Overall, the adoption of the resistive-tee feedback
network will only incur a significant noise penalty if it brings
feedback Johnson noise to prominence.

E. Simple Differential I-V Converter

It is possible to implement a differential transimpedance
amplifier using a single operational amplifier (Fig. 6.) but this
approach does have some limitations. Unlike the preceding
circuit, there is a significant signal swing at the amplifier
inputs. This brings the common mode capacitance at the
amplifier input Ccy into play. This may be much larger than

Fig. 6. ‘Simple’ differential I-V converter
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the differential input capacitance, particularly if the
photodiode can is grounded for shielding purposes, and may
therefore reduce the available bandwidth. This topology does,
however, allow the designer to access the advantages of a
differential scheme without significant extra layout complexity
or component cost, at least in low-frequency applications. This
circuit was considered inappropriate for our application and
was not investigated further.

III. PRACTICAL PERFORMANCE MEASUREMENTS

A. Overview

It is apparent from the preceding analyses that, in the
absence of coupled interference, the classic TIA (with
resistive-tee feedback if appropriate) would be expected to
perform better than the differential configuration, from a noise
perspective. In practice, it is therefore necessary to consider
the relative importance of intrinsic noise and external
interference when selecting a circuit configuration.

In the present study, the circuits of Fig. 2 and Fig. 4 were
implemented and their performance compared to the results of
modeling. The photodiode chosen (G8421, Hamamatsu
Photonics; Rsy = 1.5 MQ, Cp = 70 pF) was a 1.9 um-cutoff
extended InGaAs device. Three alternative operational
amplifiers were tested. The first of these, the OPA655 (Texas
Instruments), was chosen to epitomize the traditional approach
to wideband photodiode monitoring. It features an FET input,
giving negligible bias current and current noise. The second
amplifier selected (AD8057, Analog Devices) has similar
bandwidth and voltage noise performance to the OPA655 but
with the bias current, current noise and input impedance of a
bipolar part. Despite the increased current noise, modeling
predicts that amplifier voltage noise will be most significant

for the AD8057. The third amplifier chosen (THS4031, Texas
Instruments) was expected to show a shift from voltage noise
to current noise dominance but is otherwise very similar to the
AD8057. The THS4031 has less phase margin than the
OPAG655 and was expected to show appreciable signal gain
peaking. The increased bias currents of the AD8057 and
THS4031 are acceptable, subject to dynamic range limits,
thanks to the PSD scheme that will be employed. The relaxed
DC performance requirement allows bipolar devices, with their
generally lower levels of amplifier voltage noise, to be
considered.

The circuits were all implemented using surface mount
components and careful layout to maintain low inductance.
The amplifier under test was followed by a unity gain voltage
buffer (BUF634, Texas Instruments), to isolate the circuit from
the effects of test equipment and cable loading, except for the
purposes of DC offset measurement. A 54622A digital
oscilloscope (Agilent Technologies) was used to measure the
output voltages. The signal bandwidth was characterized using
an 880 nm LED-based light source, which could be modulated
at up to 20 MHz. Noise performance was assessed by blanking
the photodiode and performing a spectral analysis of the
output noise voltage. Table II compares predicted and
measured performance for the various combinations of circuit
topology, amplifier and shielding.

No extensive work was done on resistive-tee variants as no
SNR improvement was expected to result from the adoption of
such an arrangement and the transimpedance values required
in the present application were amenable to single-resistor
implementation. Preliminary noise density measurements
supported this view.

B. Signal Bandwidth
The majority of the measured —3dB bandwidths exceed the

TABLE II
PREDICTED & MEASURED PERFORMANCE OF CLASSIC & DIFFERENTIAL TIA’S

Predicted

Measured

Circuit Amplifier f3as Output SGNDR Dominant noise power sources a8 Shielded Shielded Unshielded Unshielded
topology (kHz) noise (VHz/nA) (% total noise power) (kHz) output noise SGNDR? output noise SGNDR?
density density' (VHz/nA) density' (VHz/nA)
(uVAHz) (LVAHz) (LVHz)

Classic TIA OPAG655 320 1.2 680 AVN (72%); DSN (25%) 350 0.7 1285 8.3 108

AD8057 290 1.3 580 AVN (65%); ACN (17%); DSN (17%) 590 1.8 750 43 314

THS4031 440 1.5 680 ACN (70%); DSN (23%) 605 1.3 1154 4.7 319

Differential OPA655 670 1.9 760 AVN (84%); DSN (15%) 645 1.0 1500 1.4 1071

ADB057 625 2.1 650 AVN (79%); ACN (10%); DSN (10%) 895 23 652 2.9 517

THS4031 760 1.7 1020 ACN (67%); DSN (22%);AVN (10%) 1440 1.3 1154 1.4 1071

All models use Cp =70 pF, Rsu = 1.5 MQ, In = 1.5 pA, Cs = 0.35 pF
Classic TIA — Ry= 1.5 MQ); Differential — Ry= 750 kQ

AVN — amplifier voltage noise ACN - amplifier current noise DSN — detector shot noise.

! Measured at 440 kHz with no radiation incident on photodiode.

Measured SGNDR taken as the ratio of measured signal gain to measured (no incident
radiation) output noise density at 440 kHz.

2
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predicted values. Although the actual stray capacitance may
have been somewhat less than the 0.35 pF assumed for
modeling purposes, as might be expected given the ‘tight’
layout and surface-mount construction, the unexpectedly large
bandwidths seen from the AD8057 and THS4031 cannot be
attributed to stray capacitance reduction alone. Both amplifiers
show greater gain peaking than anticipated, indicating
deficiencies in their assumed open loop responses. Modest
amounts of gain peaking can offer useful bandwidth extension
but should be used with care, to avoid undesirable instability.
Note, however, that no improvement in SNR will generally
result, as the same gain increase will be applied to most of the
noise terms.

C. Intrinsic Noise Performance

Signal gain to noise density ratios (SGNDR’s) are used in
Table II to allow comparison of noise performance under
‘standardized’ conditions, irrespective of the actual signal gain
of the TIA under consideration. This was preferred to the use
of the SNR resulting from some arbitrary bandwidth. In the
absence of shielding, coupled interference makes a dominant
(and variable) contribution to the output noise of the single-
ended circuit, obscuring the effects of the intrinsic
mechanisms. The shielded measurements, however, show good
agreement with theory. The best measured performance
obtained from a classic TIA in these tests (1.1 pV/\/Hz) is
substantially better than even the theoretical performance limit
of our previous system (10 pV/VHz).

Results with the differential topology are also encouraging.
Intrinsic noise levels generally no more than 3-4dB above
those of the corresponding single-ended circuits have been
observed.

D. Susceptibility to Coupled Interference

Two methods were used to compare the performance of the
single-ended and differential topologies in this regard. The
first, a passive test, examined the increase in output noise
observed when electromagnetic shielding was removed. The
single-ended circuit showed typically a four-fold increase in
measured noise, even in a relatively ‘quiet’ electronic
environment, whereas the increase in the differential case was
only 16%. The obvious limitation of this experiment is the
uncontrolled nature of the interference sources and their
coupling. A second study was therefore performed, in which a
440 kHz signal was applied, via coupling capacitors, to both
terminals of the photodiode. Differential and classic TIA’s,
both of transimpedance gain 1.5 x 10°® V/A, were compared,
using an input signal of magnitude 100 mV rms and coupling
capacitors of 7 pF. The differential topology showed good
rejection of this common-mode input; the 440 kHz component
of the output being only 180 mV rms. In contrast, the single-
ended circuit had a 440 kHz output component of 2.5 V rms.
The marked reduction (23 dB) in susceptibility to coupled
interference that the differential approach offers may be
invaluable in harsh electronic environments.

IV. CONCLUSION

Selection of a near-optimal amplification scheme for
photodiode monitoring has been shown to be far more
involved than superficial analysis would suggest. In fact, the
dependence of amplifier performance on the capacitance and
shunt resistance of the detector dictates that the photodiode
and amplifier should be considered as an integrated system
from the outset. Only by taking full account of the properties
of the photodiode in question can the most appropriate
solution be selected. The performance of the circuits discussed
in this paper has many subtleties. Note, for instance, that the
fastest operational amplifier tested (OPA655, fc = 400 MHz)
yields the smallest —3dB bandwidth, as it produces less gain
peaking than the slower amplifiers.

Optimizing the SNR performance of these circuits must
involve careful assessment of the relative importance of
intrinsic noise and coupled interference. Where the former
dominates, the classic TIA is unsurpassed. The resistive-tee
affords extra design flexibility, particularly when high
transimpedance gain is required, and if used appropriately
incurs a minimal noise penalty. Coupled interference is better
addressed using a differential configuration, at the expense of
a possible increase in intrinsic noise. It is worth noting,
though, that this increase may not be significant in current
noise dominated circuits.

The excellent performance of the OPA655 in these tests
underlines the strength of the traditional FET-input amplifier
in this application. However, even though the OPA655’s input-
referred voltage noise is class-leading (6 nV/\VHz), the
resulting TIA is amplifier voltage noise limited. If, as in our
case, the DC performance requirement can be relaxed, the
designer can consider a number of bipolar parts that offer
improved voltage noise performance. This may permit a better
balance to be struck between voltage and current noise,
leading to a reduction in the total RMS noise.

The difficulties of realizing theoretical performance levels
should not be underestimated. It is hard to obtain precise
values for several of the model parameters, particularly stray
capacitances. Even where the model does provide an accurate
representation of potential performance, it may not be possible
to shield the system adequately from coupled interference. The
unknown and variable nature of the interfering signals means
that testing can only ever provide indicative performance
levels. If high levels of interference are anticipated, a
differential topology may be preferable, despite its generally
higher intrinsic noise.

The benefits of this optimization process are evident. A
clear understanding of the noise mechanisms permits informed
decisions to be made regarding circuit topology and design,
amplifier type and detector. In the authors’ application, this
has made possible a reduction of more than 20 dB in measured
output noise density in what was already a carefully-designed
low-noise system (15 pV/VHz). In some cases, even greater
gains may be possible.

Despite the authors’ efforts the system does not quite
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achieve shot-noise-limited performance, although it is very
close to not only that limit but also those imposed by the
various optical noise mechanisms present. More importantly,
the nature of the limitations is well-understood, ensuring that
amplifiers or detectors which have the potential to move the
system still closer to the global intrinsic noise minimum can be
readily identified. To achieve an equivalent improvement in
SNR by increasing the available optical power would have
cost in the region of US$ 100,000 and added significantly to
the complexity of the system. Given such significant technical
and economic advantages, the effort expended on optimization
seems wholly justified.
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