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Avalanche photodiodes (APDs) have high output and high stability requirements for bias power in Geiger mode. This 
paper designs an APD with high boost ratio, high precision, low temperature drift, small size, and low power. Bias 
power supply, this module uses switching chip IC and flyback transformer to achieve high step-up ratio, realizes pre-
cise output control through precision operational amplifier and T-type resistor feedback network, and designs appro-
priate compensation network to improve system stability. The size of the module is 2.5 cm×2.5 cm, the output voltage 
is adjustable from 0 to 450 V, and the maximum ripple does not exceed 5.4 mV. By changing the control voltage, any 
type of APD in Geiger mode can be biased, and the maximum deviation of the bias voltage does not exceed 0.5%. 
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With the continuous development of communication and 
detection technology, the detection of weak to sin-
gle-photon level signals has become an urgent need. The 
avalanche photodiode (APD) is the key device to realize 
single photon detection because of its advantages of high 
responsivity, high quantum efficiency, fast response 
speed, less susceptible to magnetic field interference and 
easy integration, and is widely used in laser ranging, 
quantum key distribution, fluorescence lifetime detection, 
biomedical and optical fiber communication and other 
fields[1-5]. According to the APD gain characteristics, it is 
necessary to give the APD a reverse bias voltage higher 
than its avalanche breakdown voltage, so that it is in 
Geiger mode, and the internal avalanche breakdown ef-
fect is used to achieve high gain, and realize the weak 
signal at the single photon level probing[6,7]. When the 
APD is in Geiger mode, a small change in the reverse 
bias voltage may cause a great change in the gain of the 
APD, and some APDs have an avalanche breakdown 
voltage as high as several hundred volts[8], which re-
quires the power module not only to realize high voltage 
output also needs to meet high stability[9]. At the same 
time, some emerging application scenarios, such as 
handheld laser range finders, spaceborne laser detectors 
and lidar, have put forward requirements for small size 
and low power for power modules. 
  Commonly used APD bias power supply schemes in-

clude multi-stage voltage boosting scheme, high fre-
quency transformer scheme and switching power supply 
scheme. In 2011, WEI et al[10] used a voltage doubling 
scheme to achieve a highly stable APD bias power sup-
ply, with the highest output voltage of only 45 V and a 
voltage ripple of 100 μV. While it meets the requirement 
for high stability, it cannot meet the needs of high bias 
voltage applications. Furthermore, the power supply has 
a large volume due to the multiple filtering components. 
If a high voltage output is required, many voltage dou-
bling circuits are needed, which could result in a large 
number of components and a larger system volume. Ad-
ditionally, the noise is amplified by multiple stages, af-
fecting the output voltage precision. In 2013, YANG et 
al[11] used an integrated boost topology switching power 
supply, with the highest output voltage of 80 V and out-
put ripple of 2.12 mV. Although this power supply sys-
tem is small in size, the highest output voltage of 80 V 
still cannot meet the bias needs of APDs with high ava-
lanche breakdown voltages. In 2018, XING et al[12] de-
signed a bias power supply for silicon APDs using a 
switching power supply, which could achieve a maxi-
mum voltage output of 300 V with a ripple of 20.4 mV. 
However, the volume of this bias voltage module is rela-
tively large and does not meet the requirements for small 
size. In 2021, XIANG et al[13] used a high-frequency 
transformer method, directly boosting the voltage using 
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an oscillation circuit and a high-turns ratio transformer. 
The power supply module can output a maximum di-
rect-current (DC) voltage of 372 V with a ripple of 
12.7 mV and has a small size. Although this 
high-frequency transformer scheme has a high output 
voltage and small size, adjusting the output voltage is 
difficult because the transformer winding ratio is fixed. 
In addition, the turn ratio of the transformer is high, and 
to reduce size, the wire diameter of the transformer coil 
winding is thinner, which causes significant loss and 
leads to a large deviation between the output voltage and 
theoretical value. 

This paper uses a switching power supply scheme to 
design a high-precision, high stability, and small volume 
APD bias power supply. We use an integrated switching 
power supply chip LT8580 combined with a flyback 
transformer to achieve high voltage output and reduce 
the number of components and volume. We focus on 
improving the feedback control loop, using a T-type re-
sistor feedback network as the feedback resistor to avoid 
the adverse effects of high resistance feedback resistors 
in traditional schemes, improving the output voltage sta-
bility. We also use precision operational amplifiers as 
error amplifiers to achieve high precision output voltage. 
At the same time, we calculate the circuit transfer func-
tion, compensate for the loop, improve the stability of the 
power supply system, and provide a good response speed. 
The bias power supply designed in this paper can output 
up to 450 V, adjustable within 0—450 V, with a high 
precision of 0.5% and a ripple of only 5.4 mV. In addi-
tion, the power supply has a volume of only 
2.5 cm×2.5 cm. The system is shown in Fig.1, mainly 
divided into the main circuit and control circuit. 

 

 
Fig.1 Block diagram of APD bias power supply sys-
tem 

 
The flyback converter[14,15] is selected as the main to-

pology circuit of this scheme, because the transformer in 
the flyback converter is not only a transformer, but also 
plays an energy storage role, reducing the additional en-
ergy storage inductance and reducing the number of 
components, which can effectively control volume. The 
schematic diagram is shown in Fig.2. The working prin-
ciple is as follows. When the switch tube is closed, the 
input voltage is applied to the primary coil LP, and LP 
stores energy at this time. While the secondary coil LS 
and the primary coil LP have the opposite end, the in-
duced voltage of LS is negative at the top and positive at 

the bottom, and the output diode VD is cut off, the output 
capacitor C provides energy for the load. When the 
switch is turned off, the primary inductance LP transfers 
energy to the secondary inductance LS, at this time the 
voltage on LS is reversed, the upper positive and the 
lower negative, the diode VD is turned on, and LS pro-
vides energy for the load energy, and charge the capaci-
tor C, and finally a smooth output DC voltage can be 
obtained[16]. 
  Some APDs have an avalanche breakdown voltage as 
high as several hundred volts, and the maximum reverse 
bias current in Geiger mode does not exceed 1 mA, so 
the bias power supply is suitable for working in discon-
tinuous conduction mode (DCM) to avoid output insta-
bility[17,18]. The relationship between the turn ratio and 
the maximum stress of the switch tube is 

 ms in P S O 1 .V V N N V                      (1) 
In this paper, the input of the power supply Vin is 5 V, 

and the output Vout is 450 V. The withstand voltage value 
of the switch tube is 65 V, and a margin of 30% is re-
served. Assuming that the conduction voltage drop of the 
diode is 1 V, the turn ratio of the transformer NP/NS can 
be obtained as 1/10. 

The primary inductance of the transformer can be cal-
culated as 

RF max
P

in s RF

.
2
V D

L
P f K


                             (2) 

In the DCM mode, the maximum duty cycle Dmax is 
0.45, KRF is 1, and the input power Pin is 1 W. In order to 
reduce the size of the transformer, the switching fre-
quency should be as high as possible. In this paper, the 
switching frequency fs is set to 220 kHz, so the primary 
inductance LP is 10 μH. Due to the high switching fre-
quency, a multilayer ceramic capacitor with a smaller 
capacitance value can be used as an output filter capaci-
tor instead of a larger electrolytic capacitor to further 
reduce the size of the power supply. In order to prevent 
the leakage inductance of the transformer from breaking 
down the switching tube, a transformer buffer circuit is 
designed to suppress the leakage inductance peak; and an 
output diode absorption circuit is designed to suppress 
the ringing caused by the junction capacitance of the 
secondary diode and protect the diode. However, APD 
has high requirements on voltage stability. In Geiger 
mode, a small change in bias voltage may cause a great 
change in the gain characteristics of APD. Therefore, 
adding an LC filter circuit at the output can further re-
duce ripple wave. 

The core control chip of the control circuit uses a cur-
rent type pulse width modulation (PWM) controlled 
DC/DC converter chip LT8580, which contains a 1 A 
and 65 V switch inside. Its switching frequency can be 
set between 200 kHz and 1.5 MHz by a single resistor, 
and current can be limited periodically. It is generally 
used in flyback converters. The chip has complete func-
tions, integrated with undervoltage latch, internal soft 
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start, overheat start, and other functions. In addition, it 
has the advantages of small package size, simple periph-
eral circuit design, and fewer pins. 

This paper designs a current-controlled flyback con-
verter structure[19], as shown in Fig.2. It uses a dual-loop 
control structure to achieve feedback control, which are 
the current feedback loop inside the chip and the voltage 
feedback loop outside the chip. The LT8580 chip inte-
grates a sampling resistor to sample the current passing 
through the switch tube to form a voltage proportional to 
the switch current. This voltage is amplified by an inter-
nal amplifier, loaded onto a stable ramp, and fed to the 
non-inverting input of the internal PWM comparator, 
forming a current feedback loop. The voltage feedback 
loop uses an external error amplifier to input the voltage 
error to the VC terminal of the chip, skipping the internal 
operational amplifier circuit of the chip, so that the dy-
namic response speed of the power supply is greatly im-
proved. The error amplifier selects AD8628, a precision 
operational amplifier with high precision and low tem-
perature drift characteristics. With its offset voltage as 
low as 1 μV and temperature drift of 2 nV/℃, it can ef-
fectively reduce the error and temperature drift of the 
output voltage. 

 

 
Fig.2 Schematic for the current control mode flyback 
converter 

As shown in Fig.3, the error amplifier is essentially an 
inverting amplifier. For the amplifier circuit designed in 
this paper, temperature drift is the main source of the 
amplification error. In addition to using an operational 
amplifier with a low drift coefficient, it is also critical to 
use a resistor with high stability. The APD bias power 
supply sampling resistor shunt designed in this paper 
satisfies the following formula 

 B out 1 2 ,f fI V R R                         (3) 

where IB is the sampling current, Rf1 and Rf2 are respec-
tively the upper and lower sampling resistors, and Vout  
is the output voltage. The output voltage of the power 
supply designed in this paper is as high as several hun-
dred volts, and the APD reverse bias current in Geiger 
mode is less than 1 mA. At this time, if the sampling 
resistance is small, the sampling current will greatly af-
fect the power supply efficiency. In order to reduce the 
shunt effect of the sampling network, the sampling re-
sistor needs to reach mega ohms. In the voltage control 
loop, the error amplifier amplifies the error between the 

sampling voltage and the reference voltage. Combined 
with the design of the feedback compensation loop, the 
feedback resistance must be several times the sampling 
resistance, and a high-impedance resistor above megohm 
is also required. However, a high-resistance resistor with 
a resistance value above 1 MΩ has poor stability and 
may cause large temperature drift, which affects the 
output accuracy and stability of the power supply. At the 
same time, high resistance resistors with high precision 
and low temperature drift are expensive and difficult to 
select. High-resistance resistors have good insulation and 
are more susceptible to pollution during soldering proc-
esses, such as flux and printed circuit board (PCB) leak-
age problems, resulting in increased output errors. 

 

 

 
Fig.3 Diagrams of error amplifiers: (a) Traditional DC 
scheme; (b) T-type resistor feedback DC scheme; (c) 
Zero-pole compensation network 

Aiming at various problems of high-impedance resis-
tors, this paper uses a T-type resistor feedback network 
to replace the high-impedance resistor in the original 
amplifier circuit, as shown in Fig.3. The virtual short and 
virtual break characteristics of the operational amplifier 
are 

0,V V                                  (4) 
0.I                                     (5) 

According to Kirchhoff's current law, the current on 
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the resistor satisfies 
23 22 24 ,R R RI I I                             (6) 

22 in .RI I                                  (7) 
The equivalent feedback resistance can be obtained as 

22 23
f_equ 22 23

24

.R RR R R
R


                     (8) 

From Eq.(8), it can be seen that through R22, R23, and  
R24, the three smaller resistors can be used as a large 
feedback resistor by taking appropriate values. In this 
paper, R22 is 100 kΩ, R23 is 10 kΩ, and R24 is 200 Ω. The 
resistance values are all less than 1 MΩ, and the equiva-
lent feedback resistance Rf_equ is 5.11 MΩ. 

From the above discussion, it can be concluded that 
the T-type resistor network used in this paper achieves a 
large comparison coefficient through a small resistor, 
realizes a high resistance value of the equivalent feed-
back resistor, and avoids the shortcomings of 
high-resistance resistors[20]. At the same time, in terms of 
circuit design, only two resistors are added compared to 
the traditional circuit, which does not significantly in-
crease the cost and complexity of the circuit. The T-type 
resistor feedback network designed in this paper can ef-
fectively reduce the temperature drift of the error ampli-
fier circuit, improve the accuracy and stability of the 
output voltage, and fully meet the high precision and 
high stability requirements of the APD bias power sup-
ply. 

After the main circuit is designed according to the 
characteristics of the APD, it is necessary to design a 
compensation network to further improve the system 
performance. Compensating the system first needs to 
determine the transfer function of the main circuit of the 
power stage, so as to determine the transfer function of 
the error amplifier, and calculate the crossover frequency, 
that is, the frequency at which the gain curve is 0 dB. 
Through parameter design, the slope of the gain curve at 
the crossover frequency is 20 dB/dec to realize feedback 
compensation[21]. 

In the compensation design, the compensation network 
is often designed under the worst working condition, that 
is, the minimum input voltage and full load working 
condition, to ensure that the control loop can remain sta-
ble under all working conditions. At this time, the DCM 
mode can be regarded as being in the critical conduction 
mode (BCM), and the transfer function can be calculated 
according to the continuous conduction mode (CCM), 
and the transfer function of the main circuit in the current 
control mode can be obtained as 

esr s Pin

sO in s

(1 )( )
( ) ,

(2 ) 1
1

R C sL DnRVG s CRnV V R
D


 

 


      (9) 

where Rs is the sampling resistor, and C is the output 
filter capacitor. From Eq.(9), the transfer function pro-
duces a zero point by the equivalent series resistance of 
the output capacitance Resr. The pole is related to the 
equivalent resistance of the load R. In addition, there is a 

right-half-plane zero point, which is not easy to com-
pensate. In order to reduce the interference of 
right-half-plane zero point, the only way to design pa-
rameters is as far away from this zero point as possible. 

In this paper, a zero-pole compensator is used as 
shown in Fig.3(c), and the DC gain from the output ter-
minal of the error amplifier to the output voltage is 

in
DC

O in s

.
(2 )

nRVG
nV V R




                      (10) 

The maximum duty cycle D does not exceed 0.5, the 
turns ratio n is 10, and the sampling resistor Rs is 0.02 Ω. 
The DC gain of the transmission stage can be obtained as 

in
DC

O in s

20lg 56.7 dB.
(2 )

nRVA
nV V R

 
   

        (11) 

And the right half plane zero point is 
2 2

RHPZ
P

(1 ) 71.6 kHz.
2π

n R Df
L D


               (12) 

According to the loop stability criterion, the crossover 
frequency should be less than 30% of the zero point of 
the right half plane. At the same time, the crossover fre-
quency should be less than 1/10 of the switch, and the 
switching frequency is 220 kHz, and the crossover fre-
quency can be obtained as 20 kHz to determine the posi-
tion of the zero pole of the compensation network: 

c
ez 6 kHz,

3
f

f                           (13) 

ep c3 60 kHz.f f                         (14) 
Determine the position of the output filter pole. When 

other conditions remain unchanged, the output filter pole 
is proportional to the load, then 

fp
max

1 3.5 Hz,
2π

f
R C

                     (15) 
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According to Eq.(17), it can be obtained that R2 is 
about 5 to 10 times of R1, and taking the up-sampling 
resistor R1 as 1 MΩ, R2 can be obtained as 5 MΩ. That is 
to say, the capacitance parameter in the compensation 
network is 

2
ep 2

1 0.5 pF,
2π

C
f R

                      (18) 

1
ez 2

1 5.3 pF.
2π

C
f R

                        (19) 

Take C1 as 0.5 pF, C2 as 5 pF, and R2 as 5 MΩ. Then, 
we use MATLAB to simulate and verify the system 
transfer function, and the Bode diagram is shown in 
Fig.4.  

It can be seen that when the system is added with 
compensation, the system responds faster, the phase 
margin at the crossover frequency is 55°, and the system 
stability is enhanced. In addition, the attenuation of the 
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high-frequency band is also very large, which suppresses 
high-frequency noise, such as switching noise well. 

 

 

 

 
Fig.4 Bode diagrams of (a) the main circuit, (b) the 
compensating network, and (c) the compensated 
system 

 
This paper uses the simulation software LTspice to 

simulate and verify the power system. This software has 
the advantages of fast simulation speed and friendly user 
interface. The capture of circuit diagrams and the obser-
vation of waveforms can be realized, and models and 
improvements are provided for simplifying active de-
vices.  

As shown in Fig.5, the output voltage rises to 450 V in 

about 30 ms, which meets the design requirements. The 
voltage and current waveforms on the primary and secon-
dary coil of the transformer conform to the basic charac-
teristics of the flyback converter in DCM mode, as shown 
in Fig.6, which verifies the feasibility of the system. 

 

 
Fig.5 Simulation diagram of the maximum output 
voltage 

 
Fig.6 Voltage and current waveform diagrams on the 
coils LP and LS of the transformer 

The final experimental prototype is shown in Fig.7, 
the size of the power supply is 2.5 cm×2.5 cm, the input 
voltage is 5 V, by adjusting the control voltage, the out-
put voltage can be adjusted between 0—450 V, and the 
maximum input current does not exceed 0.2 A. The 
maximum power consumption is about 1 W. 

 

 
Fig.7 Prototype of the power supply (compared in size 
with a one-yuan coin)
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The APD bias voltage output voltage is 201 times that 
of the control voltage. We measured the control voltage   
UREF and output voltage UO' with multimeter Ag-
ilent34410A, calculated the theoretical output voltage UO, 
and determined the precision of the output voltage V , 
as shown in Tab.1. 

Tab.1 Analysis of output voltage precision 

REF (V)U  O (V)U  '
O (V)U  V  

0.102 20.502 20.493 0.044% 

0.202 40.602 40.558 0.108% 

0.302 60.702 60.594 0.178% 

0.402 80.802 80.645 0.194% 

0.502 100.902 100.563 0.336% 

0.602 121.002 120.590 0.340% 

0.702 141.102 140.606 0.352% 

0.802 161.202 160.633 0.353% 

0.902 181.302 180.525 0.429% 

1.002 201.402 200.546 0.425% 

1.102 221.502 220.557 0.427% 

1.202 241.602 240.561 0.431% 

1.301 261.501 260.561 0.359% 

1.402 281.802 280.454 0.478% 

1.502 301.902 300.455 0.479% 

1.602 322.002 320.457 0.480% 

1.702 342.102 340.420 0.492% 

1.801 362.001 360.304 0.469% 

1.901 382.101 380.292 0.473% 

2.002 402.402 400.425 0.491% 

2.101 422.301 420.286 0.477% 

2.201 442.401 440.254 0.485% 

2.251 452.451 450.204 0.497% 

 
In Tab.1 and Fig.8, it can be obtained that the accuracy 

of the output voltage is better than 0.5% in the range of 
0—450 V, and the output voltage and control voltage 
have good linearity, which meets the design require-
ments. 

The output ripple is tested with an oscilloscope RI-
GOLDS2072A. When the output voltage is 450 V, the 
ripple is shown in Fig.9, the ripple is only 5.4 mV, and 
the power supply ripple ratio is 0.001 2%, which meets 
the high stability requirements of the APD in Geiger 
mode. 

To sum up, this paper proposes a high-precision, 
low-ripple, high-stability and small-volume Geiger-mode 
APD bias power solution. The input voltage is 5 V, and 
the maximum output voltage can be as high as 450 V, 
achieving 90 times amplification. The feedback circuit 

 
Fig.8 Theoretical output voltage and measured output 
voltage vs. the control voltage  

 
Fig.9 Voltage ripple at 450 V output 

 
uses a high-precision operational amplifier and designs a 
T-type resistor feedback network, which avoids the in-
stability and high cost of high-value resistors, improves 
the output voltage accuracy and temperature stability, 
and the output voltage accuracy is as high as 0.5%, the 
maximum ripple is 5.4 mV, and the power supply ripple 
ratio is only 0.001 2%. And a reasonable compensation 
network is designed to improve the stability and response 
speed of the power system. In addition, the overall size 
of the circuit board is controlled to 2.5 cm×2.5 cm, and 
the maximum power does not exceed 1 W, which can 
meet the needs of various APD application scenarios and 
has certain guiding significance for the voltage module 
design of small detection equipment, such as handheld 
laser rangefinders and lidar. 
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