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Abstract — We discuss several issues in active circuits for the
rejection of ambient photocurrent over a wide dynamic range.
These circuits are important for diffuse, free-space optical com-
munications that operate over a variety of indoor and outdoor
lighting conditions. In addition, we introduce, analyze and dem-
onstrate a second-order rejection circuit based on a low noise
gyrator in tandem with the input transimpedance amplifier. Ex-
cellent rejection is achieved over three orders of magnitude in
ambient photocurrent. The measured transient performance
agrees well with theory and simulations, and the rejection circuit
was demonstrated with IrDA signals for outdoor applications in
direct sunlight.

I. INTRODUCTION

There is a steady proliferation of free-space optical commu-
nications systems that use diffuse lights sources such as infra-
red LEDs for IrDA, and modulated non-flickering illumination
using visible LEDs and fluorescent lights [1] for marking and
beaconing. Indoor and outdoor marking and beaconing com-
bined with context aware computing find applications in guid-
ing and aiding the disabled [2, 3], security [4], obstacle and
hazard marking in the military [5], among others.

These optical communications systems require a reliable re-
ceiver that can operate under a variety of demanding ambient
lighting conditions: ranging from direct sunlight to total dark-
ness, to mixed lighting conditions, and to sources with high
power line harmonic content [6]. The demands imposed by
ambient lighting are further exacerbated by the typical use of
wide angle-of-acceptance detectors [7].

Under extreme conditions, the ratio between ambient light
intensity and signal can be over 120 dB. Gas discharge lamps
can have large harmonic contents that extend into the kilohertz
range. With carrier frequencies on the order of only 100 kHz
in modulated fluorescent lights, rejection circuits that achieve
good signal separation from the background are required so
that proceeding amplifier stages do not saturate. Because
these signals are small, the typical front-end stage for a photo-
diode receiver is a high gain, low-noise transimpedance ampli-
fier, followed by one or more filtering stages.

The requirements for rejection circuits include minimal
noise contribution, performance over a wide dynamic range,
and stability. The simplest approach is a passive LR or RC
first-order high-pass filter. In many cases, a second-order fil-
ter response is necessary. Passive LC filters provide a low-
noise solution, but suffer from the difficulty of integrating
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inductors and from the impracticality, even with discretes, of
the large values of inductance required for frequencies below a
few megahertz. Active rejection circuits usually use feedback
to behave like inductors, but proper design must consider
closed-loop stability as well as noise performance.

One way to design a high-pass rejection circuit is to incor-
porate the high gain amplifier in the feedback loop [8]. This
usually introduces more in-band noise than a tandem rejection
circuit and makes signal gain control more difficult. In both
cases, the difficulty with the design of photodiode rejection
circuits is that the loop gain changes with the ambient photo-
current, hence changing the closed-loop response and if not
mitigated, ultimately affects the rejection performance and
loop stability.

We discuss designs for the ambient photocurrent rejection,
considerations for stability and compensation, along with as-
sociated performance tradeoffs.

II. FRONT-END AMBIENT PHOTOCURRENT
REJECTION

Ambient photocurrent rejection circuits generally have a
high-pass characteristic. The order of this high-pass response
determines the attenuation of DC and other unwanted low fre-
quency interference. Under conditions where ambient inter-
ference is large, it is typically advantageous to remove this
interference at the front-end gain stage so that maximal gain
can be achieved at the signal frequency without saturation. A
large front-end gain that contributes minimal noise is espe-
cially important if noisier active filter stages follow.

Figure 1: General Impedance Representation of Photoreceiver Front
Ends.

367



~Z; 7 ¢ Z: +Z;
S L(s) = A(s)—P "7

Zl'p +Zl‘S - le +Zl's +Zf

Ip—w Z(s) = Vo

Figure 2: Photoreceiver Unity-Feedback Block Diagram

Figure 1 shows a transimpedance front end in terms of its
shunt (Z;,), series (Z;; ), and feedback (Z,) impedances.

This reduces to a general block diagram of the op amp feed-
back loop in Figure 2, with the ideal response given by the
transimpedance gain Z(s) and the stability determined by the

loop transmission L(s). A(s) is the op amp transfer function
and is modeled by A4, /s .

II1. PASSIVE REJECTION CIRCUITS

Passive rejection circuits provide us with an analogue with
which to base our analysis of active circuits. In the analysis,
the photodetector (typically a PIN diode) is modeled as an
ideal current source ip with a parasitic junction capacitance C,,.

A. First-Order Rejection

Figure 3: Capacitively Coupled Transimpedance Amplifier

The disadvantage of the capacitively-coupled transim-
pedance amplifier in Figure 3 is that the voltage drop
across R; at high DC light levels causes the photodiode to

saturate. The added noise current density i, =./4kT/R; and
the gain-bandwidth product of the op-amp (R, > ‘R & / A(s)‘

at signal frequencies) impose a lower limit on R; . At moder-

ate transimpedance gains and relatively low ambient light lev-
els, acceptable performance can be achieved.

Figure 4: Inductively Shunted Transimpedance Amplifier

The advantage of an inductively shunted transimpedance
amplifier is that the maximum available DC voltage is im-
pressed on the photodiode at ambient light levels. Because the
junction capacitance C), decreases as the reverse-bias voltage

of the photodiode increases, the inductively shunted amplifier
helps to increase bandwidth. Proper choice of the L/R; time
constant prevents both the saturation of both the photodetector
and the transimpedance amplifier.

The transimpedance gain with an ideal op amp and C, =0

is given by
s

Zs)=Rp 1+7s M

where 7=R;C for capacitively coupled and 7 =L/R; for

inductively shunted amplifiers.
The stability of the first-order circuits C, =0 is deter-

mined by their loop transmissions:
1+7s

Lis) = A() T — 2)

for the capacitively coupled amplifier with 7'=(R; + R )C ;
I+7s

R.
L(s) = A(s)——
) ()Ri+RF 1+7's

€)

for the inductively shunted amplifier with 7'=L/(R; + Rg) .

Non-zero C, makes the loop transmission second order
and may cause instability. In the capacitively coupled ampli-
fier, if C, < Ca pole is introduced at 7~ (R, [|R;)C),. A

lead zero via C f is the usual compensation strategy [9].

In the inductively shunted amplifier, C,, resonates with L.
For large values of R;, this pole pair is under-damped. The
loop transmission is given by

R

: s2+2§a)p+a) 2

p
) “4)
R +Ry s2+2§’a)p+a) 2

p
%=1/E’

¢=JL/C, 2R,
¢'=JLIC, I2(R; +Rp).

L(s) = A(s)

where and
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B. Second-Order Rejection

As lighting conditions become more severe and as the am-
bient interference approaches the signal frequencies, second-
order rejection becomes necessary.

Cr
|
|

|
!
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i |

Figure 5: 2" Order LC Cancellation
The ideal transimpedance gain for the amplifier in Figure 5

is
0o R,Cs(zys+1) 1

52 +20wys +(1+a)my Trs+1 '

1k 20 _JL/C
5—2(ZE+RO, Zy=~L/C,
a=R;/Ryand 7, =L/R; when C,=0 and A(s)=o.

Z(s)=-Rp (5)

where a)02 =1/LC,
7; =RCyis the time-constant of the closed-loop pole from

feedback lead compensation.
Loop stability is determined by the loop transmission

A(s)(s2 + 2§w0s +(1+ a)a)02 )(rfs + 1)

L(s) =

. (6)

R
rfs3 +[2§worf +é+ 1]52 +2¢wgs + (1 +a)a)02
where ¢' = %(rf + RfC)(l va)+s.
IV. ACTIVE REJECTION CIRCUITS

A. Gyrated Transimpedance Amplifier

Vo

icANCEL

e

Figure 6: Gyrated Transimpedance Amplifier

H(s)

Figure 6 shows a transimpedance amplifier with feedback
cancellation that gyrates H(s). This is the topology used by

Phang and Johns[8] with first order H(s)=Gy/1+7s and a

single MOS device G,,-generator without source degeneration.
The main disadvantage to this topology is that the cancellation
loop gain G,,Z is coupled to the signal gain Z . This makes

signal gain control such as gain switching or automatic gain
control more difficult since it directly affects the cancellation
bandwidth.

Higher order cancellation can also be achieved by increas-
ing the order of H(s), albeit with some appropriate compensa-
tion.

Because degeneration was not used, the cancellation loop
gain and hence rejection bandwidth is strongly dependent on
DC photocurrent. As we will see in the next section, resistive
degeneration improves both the noise and dynamics.

B. 2" Order Cancellation with a Tandem Gyrator

A better strategy would be to use tandem rejection with a
gyrator. This reduces the coupling of the cancellation path
from the signal path so that there is better separation of the
cancellation loop dynamics from the transimpedance amplifier.
For example, separate automatic gain control for the signal
amplification and for cancellation could then be implemented
without the dynamics of one significantly affecting the other.

Vee

L' Ro'

Rs'

Figure 7: Bipolar implementation of a gyrator circuit and its passive
analogue.

The second-order cancellation in Figure 5 can be imple-
mented using the ground-referenced gyrator shown in Figure
7, which is designed for low supply voltage and low noise.
The effective inductance is given by

R,+C
p=—c, (1)

Gm
where R, is the resistance seen at the base of Ql,
G, = gmo /(1+g,,0RE) 1s the effective transconductance for
B —> o and g, is the device transconductance of Q1. In

Figure 7,
R, =1/G,,, (8)
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Ro, is the output resistance of Q1 in parallel with R,. The

nominal inductance (at 1mA DC photocurrent) was chosen to
be 16 mH and Ry =200Q2.

Emitter degeneration is used to reduce the variation of
G,, with DC photocurrent (Figure 8), hence placing an upper

bound on the loop gain of the gyrator and placing a bound on
L', thereby reducing the variation in cancellation as well as
variation in the op-amp loop transmission. Another key fea-
ture of emitter degeneration is the reduction of the current
noise contribution of the gyrator. Figure 9 shows that at high
collector currents, current noise is dominated Ry, while at low
currents by collector shot noise.

The caveat to too much emitter degeneration is that at high
DC photocurrent levels, the voltage across the photodiode is
reduced. At low supply voltages, this might mean a significant
increase in the junction capacitance of the photodiode, and at
worst saturation of both Q1 and the photodiode.

In addition to setting ¢ in (5), R, places a lower bound

on the transconductance at low DC photocurrents by maintain-
ing a bias current Iz =V /R, for Vg > IpRp +2Vpp. Al-

though, R, contributes current noise i, = /4kT /R, , for typi-

cal values of R, and g, this corresponds to values much

smaller than the photodiode shot noise at that same current.
One typically designs these circuits such

that Ry > ‘Z r / A(s)‘ over the signal passband so that the signal

gain is relatively unaffected.

In Figure 10, one notices that the damping ratio increases
as DC photocurrent is decreased. In applications where ring-
ing may be a problem', one chooses critical damping, i.e.
¢ =1, at the maximum G,, =1/Rg. From (7) and (8), the

low frequency breakpoint 7, in (5) is invariant to DC photo-
current and is given by the time constant R;C., .

The reduction of low frequency rejection at low DC
photocurrents is apparent in Figure 11. This is so because the
shunt impedance Z;, starts to look only resistive so that the
rejection reverts to the first-order case shown in Figure 3. The
bias current / places a lower limit on the DC photocurrent, but
also determines the noise floor through the shot noise
contribution of the G-generator in Figure 9.

The cancellation transfer function Z(s) was chosen so

that the step response (Figure 12) is critically damped at the
maximum DC photocurrent. In applications where the signal
bandwidth is not so wide, such as in FM or FSK (frequency-
shift keying), and where a sharper cancellation cut-off is de-
sired, a higher Q and hence lower  circuit can be designed.

! This is the case in pulse modulation applications such as IrDA.

Effective Transconductance Gm S)
3 3
i
\ \
N

10{'[/../ L i = s

Collector Current Ic A)

Figure 8: Emitter degeneration Rg reduces the effective transconductance
variation in a bipolar device.
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Figure 9: Shot noise contribution at high ambient photocurrents is re-
duced by emitter degeneration (Rg = 200 Ohms). i, is the degeneration
resistor noise and iz is the degenerated shot noise.
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5 C. Operational Amplifier Stability

20 xA’IO
The op amp loop transmission L(s) consists of four poles
85 and three zeros. In general, two of the zeros are complex, with
. locations that are determined by ¢, @, and « in (5), which
\ are dictated by the desired cancellation characteristics in the
v 25 transimpedance gain Z(s). The root locus plot of the op amp
5 ] L. . . .
€ 10 L - 2 3 loop transmission in Figure 13 shows that the loop is condi-
£ \\ o e tionally stable at high DC photocurrents because the lightly
° \ " 5 damped complex pole pair traverses the imaginary axis into
N . . .
N §2e ) the right-half plane at small loop gains. Therefore, saturation
> of the op amp output should be avoided. At lower photocur-
3 ™~ o 05 rents, the poles are better damped. Otherwise, Figure 14
----- - - shows that the loop has good phase and gain margins.
o]
10° 10° 10* 10° 10°
DC Photocurrent Ipu (A)
X 105 Evans Root Locus
Figure 10: Damping ratio { and undamped natural frequency o, of the 8 T T T T T T T T T
transimpedance gain Z(s) as DC photocurrent is varied.
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Figure 11 Transimpedance Gain with 2"? Order Rejection at various DC

~ Bode Di
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Figure 12: Overall Step Response at various DC photocurrents. ¢ ~1 at

1mA.
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D. Effect of Parasitic Junction Capacitance C,

Bode Diagram
T

Magnitude (dB)
S

20F

8

Phase (deg)

.90 H H H H H H
10 10* 10° 10° 10" 10" 10"
Frequency (rad/sec)

Figure 15: Bode Plot of U,(s) shows the added gain and phase to the loop
transmission due to C,. DC Photocurrent from 10pA to 10 mA. C,=0.15C.

Using Middlebrook’s Extra Element Theorem [10], the ef-
fect of junction capacitance C, on the loop transmission is
given by

1+C,s(Z, || Z,)
1+Cys[ 2, [ (Zy + Z3)

where Z; =(Ls+Ry)||R,, Z, =1/Cs, Z3=R;||1/Cps and

U,(s)= ©)

the new loop transmission is given by L'(s) = L(s)U p(s).
Figure 15 shows C, contributes very little to the dynam-

ics at or below crossover of the op amp feedback loop when
C, < C. The “bump” at 10° rad/sec is well below the cross-

over of the op amp feedback loop and corresponds to a varia-
tion of only about 1.5 dB in magnitude and 6.5 degrees in
phase.

E. Stability of the Cancellation Loop

+1

\
Z ICANCEL

e

Figure 16: Cancellation Loop

H(s)

The cancellation loop shown in Figure 16 is a gyrator
loaded by an impedance Z;. Z; consists of the R,, Cp , C

and Z,,, the driving point impedance at the input of the tran-

simpedance amplifier in Figure 5,

1 1
Z; =Ry |l—II| —+Z,4, |. 10
L OHCpsH(Cs dpj (10)
The loop transmission of the loaded gyrator is then
L(s)=G,Z;H(s). (11)

The driving point impedance Z,, has a high pass charac-
teristic and looks inductive at low frequencies with an induc-
tance that is Ly, = R,/ 4y,

R
B

_ Ao
Zap = (L4 R Cps)(s/ Ag+1) (12)

To a reasonable approximation, if g, =1/,/Ly,C,

1/RCrand A, occur well above the cancellation loop cross-
over, Zg, can be ignored. This simplification allows us to
lump C, with C to create a pole with R,. The cancellation

loop transmission is shown in Figure 17. In fact, it can be
shown that the phase margin of this loop is directly related to

¢ in(5) [11].

Bode Diagram
G = Inf dB (at Inf rad/sec) . Pm = 75 deg (at 3.31e+005 rad/sec)
T

0 = ~10mA
g
° e
S B0f e e A0pAT
=
o
s
-100}
-154
45| iR
5
L]
=
o -90F
%]
©
pu
o
-135F T P T
-180
10° 10° 10! 10° 10° 10 10°
Frequency (rad/sec)
Figure 17: Bode plot of the gyrator loop transmission at various DC

photocurrents. ¢ ~ | at ImA.

F. Results

The measured step response shown in Figure 18 agrees
well with theory and simulation (Figure 12). The circuit per-
forms well when receiving IrDA data, which consists of nar-
row pulses, as shown in Figure 19. The data was received
from an IrDA beacon for outdoor applications. The system is
designed to receive data in direct sunlight.
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Figure 18: Measured step response with 375uA of DC photocurrent.
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Figure 19: IrDA Byte with 275uA of DC photocurrent.

V. CONCLUSIONS

We have analyzed some of the key issues in the design of
ambient photocurrent rejection circuits, and have presented
and demonstrated a circuit design that avoids explicit auto-
matic gain control to cancel the effect of varying DC photocur-
rent. Automatic gain control typically introduces additional
dynamics, increases noise and adds complexity.

Passive analogues are used as models to analyze active
rejection circuits. This yields design intuition and insight into
stability, transient response, rejection performance and noise.
Measurements confirm the theory and simulations, and per-
formance in an IrDA application was demonstrated.
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