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This paper critically analyses and simulates the circuit configuration of the integral gated mode single photon

detector which is proposed for eliminating the transient spikes problem of conventional gated mode single photon

detector. The relationship between the values of the circuit elements and the effect of transient spikes cancellation has

been obtained. With particular emphasis, the bias voltage of the avalanche photodiode and the output signal voltage

of the integrator have been calculated. The obtained analysis results indicate that the output signal voltage of the

integrator only relates to the total quantity of electricity of the avalanche charges by choosing the correct values of the

circuit elements and integral time interval. These results can be used to optimize the performance of single photon

detectors and provide guides for the design of single photon detectors.
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1. Introduction

The single photon detectors (SPD) used at tele-
com wavelengths have become a focus with the boom
of quantum cryptography technique.l!'=3) At present,
the best choice is the InGaAs/InP avalanche photo-
diode (APD) with separate absorption multiplication
(SAM) at telecom wavelengths. The APD is operated
above its breakdown voltage, which is called Geiger

(4 so that a photon induced avalanche

mode operation,
can grow into a macroscopic pulse, then the avalanche
should be quenched to protect the APD from over
current. There are basically three techniques to prac-
tice Geiger mode operation: active quenching,¥ pas-
sive quenching® and gated mode quenching.!®! The
process technology for InGaAs based detector is not
as mature as that for silicon. Hence, generation—
recombination centres and trap densities are much
higher in these materials which lead to high dark

counts probability and high afterpulse probability.!”!
The gated mode operation is the most effective

method to decrease the dark count probability and af-

terpulse probability by using the gate pulses synchro-

single photon detector, quantum cryptography, integrator, gated mode

nized with the arrival of photons.[®) The APD is only
gated on during short time interval, and if the APD
has been gated off for a sufficiently long time interval
much longer than the trap release time before ring-
ing it into operation, the trapped carriers have been
almost all released and do not trigger the afterpulse
count.

Although this method works well, the use of short
gate pulses leads to the following drawback. The gate
pulses coupled to the load resistor through the APD’s
junction capacitance produce two transient spikes that
obscure the photon induced avalanche pulses. A high
threshold voltage of the pulse height discriminator
is necessary to avoid the transient spikes triggering
false counts. Generally, in a pulse height distribu-
tion of the APD output signals for single photons, the
probability that lower-height pulses are generated is
greater than that for higher-height pulses.[®! There-
fore, higher threshold voltage rejects more avalanche
pulses and decreases the detection efficiency of the
SPD. Although increasing bias voltage can compen-
sate for this, it also results in an increase of dark count
probability and afterpulse probability.
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The transient spikes are the main problem that
degrades the performance of gated mode single pho-
ton detector (GSPD) when the APD is certain. Many
of the recent works on GSPDs have focused on solving
this problem. These works include the coaxial cable
reflection lines scheme, %1% the two similar APDs bal-
anced scheme,"!] the capacitor balanced scheme,!'?
and the discharge pulse counting scheme.'3! In our
previous work we demonstrated an integral GSPD
(JGSPD) proposal at telecom wavelength. 14

In this paper, the character of the IGSPD is anal-
ysed with particular emphasis on bias voltage and out-
put signal voltage. The relationship between the val-
ues of the circuit elements and the effect of transient
spikes cancellation has been obtained. And to test the
performance of the proposal, the circuit is simulated
by using OrCAD 9.2.

2. Configuration of the proposed

circuit

The simplified schematic of the IGSPD is shown
in Fig.1. The APD is reverse biased by an alternat-
ing current (AC) coupled bias tee and an integral ca-
pacitor Cf, is employed in the single photon detector
instead of the 50€2 load resistor. The gate pulse and
the avalanche current during a same detection cycle
are integrated by the integral capacitor. The voltage
across Cf, increases at a rate proportional to the num-
ber of the integrated charges. This integrated voltage
is amplified by the charge amplifier for single photon
counting. The integral capacitor is discharged by an
electronic switch in order to reset the circuit for the

Vbe
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"

next detection.

X
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Fig.1. Schematic of the integral gated mode single photon
detector.

The equivalent circuit of the main circuit for AC
signal analysis is shown in Fig.2. The circuit in bro-
ken line is the equivalent circuit of the APD, where
iapp(t) is the body current of the APD which in-
cludes the dark current iga.k(f) and avalanche cur-
rent favalanche (t), and Cq(t) is the junction capacitance
which varies with the bias voltage va (t). C. is the AC
coupling capacitor, Ry, is the ballast resistor, R; is the
input resistance of the charge amplifier, and Cj is the
stray capacitance (capacitance to ground of the APD
terminal connected to Ry, typically a few picofarads).

iAPD(t)

Fig.2. Schematic of the equivalent circuit of the main
circuit for AC signals analysis.

3. Characteristic analysis of the
IGSPD bias circuit

The functions of the bias circuit are producing the
bias voltage va (t) for the APD operation and sensing
the avalanche current of the APD to generate an out-
put signal voltage vy, (¢) for single photon discrimina-
tion.

According to Fig.2, by applying Kirchhoff theory,
we can obtain the following equations:

vp(t) = ve(t) + va(t) +oL(t), (1)
ic(t) = ir(t) +iL(t) + 4 (t) + 35(¢), (2)
va(t) + vL(t) = vs(t) = Ryir(), (3)

(4)
(5)

ialt) + iapp(t) = (1) + (1), 1
inft) = € 0 )
(=20, @

(0= 20, Q
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in(t) = 240, o)
)
Zi(t> = LTi’ (10)

where v, (¢) is the gate pulse voltage, v.(t) is the volt-
age across the capacitor C, va (t) is the voltage across
the capacitor Cy(t), vs(t) is the voltage across the ca-
pacitor Cs, vr,(t) is the voltage across the integral ca-
pacitor Cr,, i.(t) is the current through C, iq(t) is the
current through Cy(t), i5(t) is the current through C,
i1,(t) is the current through Ci,, ig(t) is the current
flowing through Ry, and (t) is the current flowing
through R;.

Substituting Eqs.(5) and (6) into Eq.(4), we can
obtain

dCqa(t)va(t) o dor,(t)

a

The range of integration can be set by controlling

+1i(t) —iapp(t). (11)

the open and close time of the switch. Designating
the initial integrating time is before the arrival of gate
pulse, the initial condition of the circuit can be written
as

v(0) = v5(0) = va(0) = v, (0) =0, (12)

where Cpc is the value of the junction capacitance
when the bias voltage equates to the DC bias voltage
VDC-

By integrating between the times 0 and ¢ and
between the corresponding voltages va (0) and va (t),
considering the initial condition of the circuit, we can
obtain

valt) = Cf(Lt)vL(t) + %(t) /0 [ (8)—iap (D)]dt. (14)

vs can be obtained from Egs.(3) and (14),
_ CL+Cy4(1) 1 /t y )
Vg = o) uL(t) + G/, [i:(t)—iapp(t)]dt.
(15)
Substituting Eqs.(6), (7) and (8) into Eq.(2), we can
obtain
doe(t)  ws(t) | Cudu(t) N ii(t) | Cs dus(?)
dt  CcRy, C. dt C. C. dt

Then, by integrating between the times 0 and ¢ and

. (16)

between the corresponding voltages v.(0) and v.(t),
the solution of equation (16) can be written as

- [+

C Cs
+ ivL(t) + o), (17)

Substituting Eq.(15) into Eq.(17), we can obtain

ve(t) :Cd(t)CL + CiC1, 4 CsCy(t)
¢ OCCd(t)

n 1 /t CL + Cy(t)
C.Ry Jo Cqa(t)

- /Ot [chz(ﬂiAPD(t)
t oo | t inro(€)de at

y / [ccgfmt) WO+ e
x /O tii(f)dg]dt—s— /O t igi)dt. (18)

The first term is derived from gate pulse divided

VL (t)

’UL(t)dt

by the capacitive voltage divider composed of C¢, Cs,
Ca(t) and Cr. Cs, Cq4(t) and Cy, are typically of the
same order of pF. To avoid the voltage pulse actually
applied to the APD being attenuated by C., it is ad-
visable to minimize the relative loss by employing a
sufficiently high C.14:

Ca(t)C
C. > 1OO(M + C) (19)

Therefore, in comparison with Vi,(¢), the first
term approaches to zero. The second term is
the decaying of the first term caused by the cur-

rent flowing through Rj; and can be given as
t Cpy+Cal(t) Cr, + Ca(t)
C.Ry, Cy (t) Cyq (t)

mean value of vL(t). C.Ry, has the dimen-

v, (t), where

Cr, +Cy (t)
Ca(t)

LCC

v, (t) is the

sions of time, thus is a dimensionless factor. To

avoid the modified waveform of the gate pulses, it is
advised that

R1,C. Cp, + Cd(t)
t Ca(t)

> 100. (20)

Therefore, in comparison with Vi, (t), the second
term approaches to zero. The third term is derived
from the current flowing through the APD, which also
approaches to zero, when inequalities (19) and (20)
are satisfied. The fourth and fifth term are derived
from the input current of the charge amplifier, con-
sidering the input current of the charge amplifier is of
the order of pA, we find that the dark current of the
APD igank(t) is typically several nA and the avalanche
current Zayalanche(t) is typically of order of mA, which
also approaches to zero, when inequalities (19) and
(20) are satisfied.
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As analysed above, when

R1,C. CL, + Cq (t)
¢ Ca(t)

> 100

and
Cyq (t)CL

Ca(t) + Cy,

in comparison with Vi,(t), vc(t) approaches to zero.
Substituting Eq.(14) into Eq.(1) and a little ma-

nipulation, we can obtain an integral equation

Ce > 100( +Cy),

wnlt) =B

1 b .
4_(1ﬂt)]€ [i1(8) i Apn ()]t + vel?)

N CL + Od(t)

Cald) o (t)
+Od1(t)/0 [ii(t)—iApD(t)]dt. (21)

By a little manipulation, vy, (¢) can be given as

Ca(t)

0 =g cam
_m/o [i;(t)—iapp(t)]dt
_ Gl e L[t
=cr+Ca CL+Cd(t)/o o
+ C,I‘%Cd(t)/oliAPD(t)]dt' <22)

Considering the order of Z,valanche(t), tdark (t) and
1;(t), we can write approximately Eq.(22) as

_ Ga®)
vL(t) _CL +dCd(t)

1

t
Y 1) 'ava anche t)dt. 23
+q+@@£’1h“ (23)

vp(t)

Therefore, when the gate pulse becomes zero,
the transient spikes can be eliminated, and because
vp(t) = vp(0) = 0, then Cy(t) = Cq(0) = Cpc and
vr,(t) can be given as

1 iy
v (t) —m A Gavalanche ()d?
Q1)
=7 24
CL + Cpc 2

where Q(t) = fot tavalanche (£)dt is the quantity of elec-
tricity of the avalanche charges. According to Eq.(24),
if the range of integration includes the gate pulse, the
total charges injected into the integral capacitor by the

gate pulse are zero, even though the junction capaci-
tance of the APD varies during the integral time inter-
val. Therefore the output voltage of the charge ampli-
fier is only in proportion to the number of avalanche
charges. The transient spikes can be eliminated com-
pletely independent of height, duration, shape, sym-
metry of the gate pulses, or type of APD even if with-
out any regulation.

By substituting Eq.(23) into Eq.(14) and a little
manipulation, we can derive the voltage pulse actually
applied to the detector from

Cy,
) =yt
UA( ) CL +Cd(t)vp( )
1 t
Y iava anche t dt 25
CL+Cd(t)/O tanche(?) (25)
The bias voltage before the avalanche can be sim-
plified as
Cy,
ias t) = — < t). 26
winlt) = 5y g (26)
If the avalanche happens, the bias voltage de-
creases
1 t
A t) = — ————— ) t)dt
va(t) CL+Cd(t)/0 iapPD(t)
Q)
=— —— 27
CrL + Cq(t) #)

Considering that this decline is persistent until
the electronic switch resets the circuit, the APD can
also be self-quenched besides quenched by gate ter-
mination. And the total quantity of electricity of

avalanche charges is certain
Qpe = [Cr + Ca®)][Vp + Voo — Vo), (28)

where V}, is the amplitude of gate pulse, and V; is
the voltage at which quenching occurs. In most com-
putations V; can be assumed practically equal to the

avalanche voltage Vi3 although it is slightly higher.[*!

4. Simulation result

By means of OrCAD 9.2, we simulated the per-
formance of the IGSPD with particular emphasis on
the bias voltage and the output signal voltage. The
default simulation parameters are: 5ns during time,
0.5ns fallen time, 0.5ns rise time, and 5V peak to
peak value of the gate pulse. Because the output sig-
nal voltage of the IGSPD is independent on the wave-
form of the avalanche pulse as analysed above, the
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avalanche pulse is defined as a current pulse of 1ns
during time, 0.5ns fallen time, 0.5ns rise time, and
1mA peak to peak value. The junction capacitance
of APD Cyq is 0.5 pF. The AC coupling capacitor C. is
0.1 uF. The ballast resistor Ry, is 100kQ2. The input
resistance of the charge amplifier R; is 100 G2, and
the stray capacitance Cy is 1pF. Additionally, the in-
tegral capacitor is replaced by a 502 resistor for the
conventional GSPD simulation.

Figure 3 shows the comparison of output wave-
form of the conventional GSPD and the IGSPD. The
top curve is the waveform of gate pulse, the second is
the waveform of avalanche current pulse, the third is
the output waveform of the conventional GSPD, and
the fourth is the output waveform of the IGSPD. The
APD’s junction capacitance and the load resistance
composed a differentiator in the conventional GSPD.
The transient spikes voltage are given by

dup (1)
R _ 2
v, R1,Cy4 g (29)

—-200mV 1
500 mV 1
250mV
SEL>> ]
OEV(CL:2)5DS 19ns 15ns 20ns
Time

Fig.3. Comparison between the outputs of the conven-
tional GSPD (gate quenched by gate termination) and the
IGSPD.

One can see the two spikes occur at the rise and
fall edge of the gate pulse, and the peak signal pro-
duced by the avalanche current of order of 1 mA is
much smaller than the positive spike. Therefore higher
avalanche current or transient spikes cancellation is re-
quired for single photon discrimination.

The output waveform of the IGSPD shows the in-
tegral effect. The integral capacitor is charged by the
rise edge of the gate pulse firstly, and then charged

by the avalanche current. The voltage across the inte-
gral capacitor increases continually and reaches a peak
value until the fall edge arrives. After the gate pulse

Q(t)
CL + Cpc’

Figure 4 is the effect of transient spikes cancella-

the output voltage remains at

tion with different gate pulse amplitude from 3V to
6V with the increment of 1V, when avalanche does
not happen. Though the gate pulse divided by the ca-
pacitive voltage divider increases, the output voltage
stays zero after the gate pulse.

5.0V

2.5V7

SEL>>t::
oV

500 mV

250 mV 4

OV i ; i
Os 5ns 10 ns 15ns
ERRIN )

20 ns

Time

Fig.4. The effect of transient spikes cancellation with
different gate pulse amplitude from 3V to 6V with the
increment of 1V.

Figure 5 is the output signal waveforms corre-
sponding to different avalanche currents from 0 to
3mA with the increment of 1 mA. The bottom trace
corresponds to the output signal waveform without
avalanche and the higher the currents are, the upper
the traces are.

3.5 mA —

2.0mA

0A

750 mV+

500 mV ~

250 mV 1

SEL>>
-50mV
Os

asea V(CL:2)

10‘ns 15Ins 20 ns

Time

Fig.5. The output signal waveforms corresponding to dif-
ferent avalanche currents from 0 to 3mA with the incre-
ment of 1 mA.
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Figure 6 shows the bias voltage with different
avalanche current from 0 to 3mA with the increment
of 1mA. Because vp(t) = va(t) + vr(t), va(t) drops
with the increase of the avalanche current.

2.0mA 1--

0A

uo.v.aII_[I Y
50VT—— :( APD)

2.5V
SEL>> [T e
-1.0V t t +
Os 5ns 10ns 15ns 20 ns
oo s V(Cai2)-V(Carl)
Time

Fig.6. The bias voltage with different avalanche current
from 0 to 3mA with the increment of 1 mA.

5. Experimental results

The experimental results of transient spikes can-
cellations we achieve are shown in Fig.7. Where the

800 prrrrerr TR

400-- ..... _

Signals/mV
o

-400

800 btsstormcn. s amns Fo ot
150 200 250

Time/ns

Fig.7. The experimental output waveforms of the charge
amplifier responding to single photon incidence.

gate pulses of 5.13ns FWHM and 4.4V peak to peak
value are applied to the APD after they combined with
DC bias of 43.1V, the integral capacitor is 33 pF and
a fast field effect transistor input operational ampli-
fier AD8067 is employed as a +10 gain charge am-

plifier. Its output waveforms are similar with the

simulation results although they are spread wide by
the relative slow amplifier. Cancelling the spikes en-
ables us to reduce the threshold voltage of the dis-
criminator and thus decrease bias voltage, which re-
duces the dark count probability without sacrificing
detection efficiency. Therefore the optimal excess bias
voltage of the IGSPD is 0.9 V. The threshold volt-
age of the discriminator of the IGSPD can be set at
20mV. Considering the amplifier gain of +10 and a
33 pF integral capacitance, we find that the avalanche
pulses whose charge number exceeds 0.066pC can trig-
ger a count. Therefore a single photon detection ef-
ficiency of 29.9% at dark count probability per gate
Pp = 5.57 x 1075 /gate has been achieved. The single
photon detection performance of the IGSPD is shown
in Fig.8 (A) and (0) at Vg=1.3V and Vg=0.9V, re-
spectively.

1073
E
IS
a0
=~
& 1074 M
>
=
.%
< 107°
5]
=
a,
-
2 . ﬂ%
g 1076
Q
o
=
<
A 10—7 . . . . . .
0 0.1 0.2 0.3

Detection efficiency

Fig.8. Dark count probability per gate versus detection
efficiency for the IGSPD: (A) and () at Vg=1.3V and
0.9V, respectively.

6. Summary and conclusion

In conclusion, we have calculated the output sig-
nal voltage and the bias voltage of the IGSPD. The
qualification of transient spikes cancellation has been
achieved and the accordant performance results have
been presented by simulating with OrCAD 9.2. This
proposal enables one to eliminate transient spikes,
thus decrease bias voltage which reduces the dark
count probability and the afterpulse probability with-
out sacrificing detection efficiency. The paper would
be helpful for designing and optimizing SPDs.
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