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Abstract—This paper presents a tunable passband low-power 

logarithmic photodetector for IoT smart dusts using optical 

wireless communications. The photodetector can selectively 

receive optical signals and filter out unwanted optical noise. All 

the transistors work in the subthreshold region. Each transistor 

and circuit pole is designed based on theoretical analysis. The 

output of the photodetector is independent of the absolute 

illumination intensity and proportional to the modulation depth of 

the intensity. The photodetector requires a giga-ohm resistor, 

which is realized by a Gm circuit with an extreme low bias 

current. The Gm bias voltage can be used to tune the lower cut-off 

frequency of the passband. The upper cut-off frequency is 

determined by the photodetector bias and illumination intensity. 

The photodetector was fabricated using a standard 0.25μm 

CMOS process and tested under different illumination intensities 

of 830nm laser. Measurement results showed that the lower 

cut-off frequency increases as Gm bias and the minimum is 

approximately 100Hz when Gm bias is 0V. The photodetector 

output and Gm DC offset matches with theoretical analysis.  

 
Index Terms—Internet of Things, smart dusts, logarithmic 

photodetector, subthreshold, optical wireless communications. 

 

I. INTRODUCTION 

HE Internet of Things (IoT) draws more and more 

attentions due to its broad applications, such as 

environment monitoring, agriculture monitoring, traffic control, 

healthcare, and logistics management. IoTs using optical 

communications offer low-power advantage and enable small 

size of sensor nodes compared to RF communications. When a 

sensor node integrates self-contained sensing and 

communication system into a cubic-millimetre mote, it is called 

“Smart Dust”. A key component of an optical smart dust is 

photodetector. There are three main types of CMOS 

photodetectors and they are passive photodetector, linear active 

photodetector and logarithmic photodetector. The passive 

photodetector consists of a P-N junction photodiode and a pass 
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transistor [1-3]. The major problem of passive photodetectors is 

high noise because the accumulated signal charges are directly 

transferred through the pass transistor to the outside of the 

photodetector and therefore thermal noise has a big effect on 

the performance [4]. A photodetector with an active amplifier 

or buffer is referred to as an active photodetector. Linear active 

photodetectors can effectively reduce the noise compared to the 

passive photodetectors because the accumulated signal charges 

are converted to a gate voltage of a transistor and this voltage is 

transferred to the outside of the photodetector by an amplifier. 

The linear active photodetectors are widely used [5–9]. 

However, linear photodetectors have a low dynamic range. 

Large dynamic range can be achieved by logarithmic 

photodetectors [10–13], whose output signals are proportional 

to the logarithm of the input optical signal intensity. Oxford 

developed an optical smart dust system using logarithmic 

photodetectors [14, 15].  Logarithmic photodetectors can 

generate an electrical signal directly related to the contrast ratio 

of the light modulation. This feature is important because smart 

dusts can be at an unknown distance from base station and this 

means the beam intensity received by smart dusts varies with 

the distance. However, if the contrast ratio of the beam 

modulation is fixed, logarithmic photodetectors can generate a 

constant voltage output. A tunable passband photodetector is 

needed for optical wireless communications because it can 

selectively receive optical signals and filter out unwanted 

optical noise. This feature becomes important as visible light 

communications (VLC) technology will introduce many 

different optical signals in space. This paper presents a tunable 

passband low-power logarithmic photodetector based on the 

requirement of Oxford smart dust system and is organized as 

follows. Section II discusses the theoretical analysis and the 

design of the photodetector. Measurement results are shown in 

Section III and Section IV gives the conclusions of the paper.  

II. TUNABLE PASSBAND LOGARITHMIC PHOTODETECTOR  

A logarithmic detector circuit originally proposed by 

Mahowald [16] and studied further by Delbrück [17] is shown 

in Fig. 1. The photodiode is illuminated by an optical beam and 

generates such a small photocurrent that M1 stays in the 

subthreshold region of operation. If the beam intensity is 

modulated, the generated photocurrent includes a DC 

component Iph and an ac small signal iph. A small increase in the 

photocurrent tries to pull down V1. This causes V2 to increase 

significantly due to the inverting amplifier formed by M2 and 
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M3. The output change is coupled back to the gate of M1 

through capacitors and this causes V3 to increase. This increase 

of V3 pulls up V1 and therefore the circuit is stable. The 

feedforward elements consist of the photodiode, M2, M3 and the 

source of M1. The feedback elements consist of the capacitive 

divider, resistor R and the gate of M1. The dominant noise in the 

photodetector is caused by the electron fluctuations in the 

photodiode and the total noise is a constant independent of 

illumination intensity [17]. 

A. AC analysis of the logarithmic photodetector 

The photocurrent consisting of a DC component Iph and an ac 

small signal iph flows through M1. If   Tn Vvv  13 , iph can 

be approximated to be 

                              13 vvκ
V

I
=i n

T

ph

ph                                    (1) 

where v1 and v3 represent the small voltages caused by iph at 

node 1 and node 3 respectively, VT is thermal voltage and κn is 

the capacitive coupling ratio from gate to channel of NMOS 

transistors. M2 is a common-source amplifier in the 

feedforward path of the circuit and M3 is the active load of M2. 

The amplifier gain is 

 3T

n
forward

λ+λV

κ
=G

2

                              (2) 

where λ is a function of channel length. For the RC feedback in 

Fig. 2, we can get 

 
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The time constants RC2 and R(C1+C2) should be large enough 

to dominate the numerator and denominator at the working 

frequency. In other words, the RC circuit is designed in such a 

way that v3 cannot directly affect node 2 through R, but is 

coupled through C1 and C2. In this case, the large time constant 

and small capacitance makes the R value very large. Actually 

the R is regarded as open circuit to the small signal. In Fig. 1, it 

can be seen that v1 is amplified by the amplifier formed by M2 

and M3. Because the amplifier gain is much larger than the 

capacitance ratio, v1 is much smaller than v3. 
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                (4) 

So equation (1) can be simplified as, 

nphph

T

κ
=

Ii

Vv 1

/

/3                                     (5) 

Based on (3) and (5), the normalized photodetector gain is 

2

12
detector
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/
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C+C

κ
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Ii

Vv
=G 2

nphph

T                    (6) 

which is the same as the one in [17]. The denominator is the 

beam modulation depth that will be fixed, so the small signal 

output v2 will be a constant and independent to the absolute 

illumination intensity. The feedback gain is approximately 

equal to the inverse of closed loop gain. 

2

n

feedback
C+C

κC
=G

1

2
                            (7) 

The loop gain of the photodetector is 

  23T

n
feedbackforwardloop

C+Cλ+λV

Cκ
=GG=G

12

2

2

          (8) 

To obtain the frequency response of the photodetector 

transfer function, the poles and zeros need to be analyzed. Fig. 

3 shows the schematic circuit diagram of the photodetector with 

parasitic capacitances. There are 3 nodes and each node has a 

pole. In addition, there is also a zero in the feedback path. The 

magnitude of pole 1 is 

  
  12

1
/

/1

gsnloopgdforwardpd

Tphloop

CκG+CG+C

VIG+
=ω               (9) 

where Cpd is the photodiode capacitance, Cgd2 is the M2 

gate-drain capacitance, Cgs1 is the M1 gate-source capacitance. 

The open loop input conductance of the photodetector is the 

source conductance of M1,which is Iph/VT. So the closed loop 

conductance at the node 1 should be Iph/VT multiplied by the 

(1+Gloop) due to the shunt-shunt feedback. The first term in the 

denominator Cpd is in the order of a pico-Farad. The second and 

third terms are obtained by considering the Miller effect. Cgd2 

and Cgs1 are both in the order of a femto-Farad. Although they 

are amplified, they are still much smaller than Cpd. So equation 

(9) is approximately reduced to 
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Fig. 1 Schematic diagram of a logarithmic photodetector. 
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Fig. 2 The feedback part of the photodetector. 
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 
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The magnitude of pole 2 is 

                                
 

2

2

2

node

bias3

C

Iλ+λ
ω                               (11) 

where Cnode2 is the total capacitance and resistance at the node 2.  

Equation (11) indicates that the pole 2 is dependent on the bias 

current, so Vb can be used to tune the upper limit of passband. 

 

Now including the two poles, the feedforward gain becomes 

 
  21 /1/1 ωs+ωs+

G
=s'G

forward

forward
                   (12) 

From equations (3), (6) and (7), the feedback gain is 
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where
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The closed loop transfer function of the photodetector is 
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  (14) 

It should be noted that (14) is different from the closed loop 

transfer function in [17].  Equation (14) shows the 

photodetector is a one-zero three-pole system and is more 

accurate to describe the working mechanism of the circuit. In 

(14), ω4 is a zero and ω3 is another pole. Since ω4 < ω3, the zero 

is at a lower frequency than the pole 3. The Bode plot of the 

transfer function is shown in Fig. 4. At very low frequencies, 

2πf < ω4, the gain of the photodetector is simply 1/κn. In this 

case, there is no effect of the zero to the gain. This is equivalent 

to taking out R, C1 and C2 from the circuit shown in Fig. 1 and 

shorting V3 to V2. The gain in this frequency range has been 

shown in equation (5). At mid-band frequencies, ω3 < 2πf < ω2, 

the third term in the denominator is small due to the large value 

of κnGforward and can be ignored. Moreover, s/ω3 and s/ω4 are 

much larger than 1. So the transfer function is reduced to 

equation (6). At high frequency, 2πf > ω2, the gain starts to drop 

and the pole causes the gain to drop by 20dB/dec. When 

2πf >ω1, the slope becomes -40dB/dec. In order to obtain a 

large bandwidth, the zero and pole 3 should be at very low 

frequency. The pole 1 and pole 2 determine the upper cut-off 

frequency of the photodetector. 

B. Logarithmic photodetector design 

 The logarithmic photodetector is designed to receive 830nm 

optical signal using a standard 0.25μm CMOS process. The 

photodiode in the photodetector is a deep junction diode 

(N-well/P-sub) for its high quantum efficiency and its size is 

7500 μm2. In order to save power, the target of the maximum 

working frequency is 10kHz under 1V voltage supply. This 

means that pole 2 should be at least equal to 10kHz.  Because 

the voltage gain of the one-stage amplifier has a maximal value 

of 40dB in a typical CMOS process [18], the unity-gain 

frequency of the amplifier formed by M2 and M3 would be 

1MHz. 

                      

22
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22 nodeT
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node
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g
f






                    (15) 

where Cnode2 is approximately equal to the sum of C2 and the 

load capacitance. The capacitance ratio (C1/C2) determines the 

photodetector gain and ideally should be large. However, a 

large C1 means a large area.  So the ratio was chosen as 10. C2 is 

preferred to be small in order to make pole 2 frequency large. 

Therefore the capacitances of C1 and C2 are set to approximate 

100fF and 10fF respectively. These two capacitors are realized 

by MIMCAPs. The actual C1 is 20μm by 5μm with the 

capacitance of 104fF and the actual C2 is 5μm by 2μm with the 

capacitance of 11fF. Assuming the photodetector output drives 

a 5μm2 transistor with gate oxide capacitance 5fF/μm2, Cnode2 

would be approximately 35fF. Rearranging (15), the bias 

current is 

nA
fCV

I
n

TnodeT
bias 7.7

2 2 



                (16) 

where fT = 1MHz, VT = 25.9mV, Cnode2 = 35fF, and κn is 0.74. 

Vb

M1

M2

M3

C1

C2

Photodiode

V2

V1

R

Cpd

Cgd2

Cgs1

1

2

V3

3

Vdd

 
 

Fig. 3 Schematic of the photodetector with parasitic capacitance.        
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Fig. 4 Bode plot of the closed-loop transfer function.        
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To save power, a bias current of 5nA was set as the target. M3 is 

set to 2.5μm/1μm with 0.6V bias voltage and provides 4.76nA 

bias current. The geometry of M2 is 2μm/1μm to ensure that M3 

and M2 are in the subthreshold region. 

Pole 1 is proportional to the photocurrent Iph and therefore 

moves when the photocurrent changes. This means that the 

minimum detectable photocurrent is determined by placing 

pole 1 at 10 kHz. 

   

Tpd

phloop

Tpd

phloop

VC

IG+
=

VC

IG+
ω

0

0

1

11


  

           (17) 

where Cpd0 is the unit area capacitance of the photodiode and 

Iph0 is photocurrent generated per unit area in the photodiode. 

These two parameters are fixed by the CMOS process. Gloop is 

the only parameter which can be controlled. With a capacitance 

ratio (C1 /C2) of 10 and Gforward of 40dB, the loop gain of the 

photodetector is 

 
10100

1

2 
2

n

feedbackforwardloop
C+C

Cκ
=GG=G       (18) 

As a result, in order to put pole 1 at 10 kHz, the minimum 

detectable photocurrent Iph for the photodiode can be calculated 

to be 

pA250
1

2π


loop

Tpd

ph
G+

VfC
=I                               (19) 

where Cpd is approximately 1.6pF.  

 The transistor size of M1 must be chosen to ensure that it 

stays in the subthreshold region over a large photocurrent range. 

This requires M1 has a large W1/L1 ratio. Therefore L1 is set to 

0.24μm, which is the minimum length of a transistor in this 

CMOS process. Fig. 5 shows the simulation results of the DC 

output voltage (V2) versus photocurrent for four different M1 

widths. Note that the x-axis is a logarithmic scale, so the 

straight line portion means M1 is in the subthreshold region. In 

order to achieve a large dynamic range, the width of M1 is set to 

30μm. The point A indicates the minimum detectable 

photocurrent and the point B is approximately 4 decades of 

photocurrent.  

 Pole 3 determines the lower limit of the passband and should 

be at least 10 times smaller than pole 2, so the maximum 

frequency of pole 3 is 1 kHz. Then the minimum resistance of R 

can be estimated from (13). 

GΩ
fC

=R
2

16
2π

1
min                            (20) 

The photodetector gain can be determined from these capacitor 

values. 

14.0
1

/

/

2

12
detector 

C

C+C

κ
=

Ii

Vv
=G 2

nphph

T            (21) 

The iph/Iph is the modulation depth and is set to 20%, and then 

the small signal output v2 can be estimated by (22).  

72.5mV14.02 
ph

ph

T
I

i
V=v                 (22) 

All the design parameters are summarized in Table I. It 

should be noted that these values are determined based on the 

smart dust system requirement. In other applications, power 

may not be such stringent. The methology can be used to design 

each parameter based on new requirements. 

It is important to ensure the stability of the photodetector. 

The Laplace transform of the loop gain is shown in (23). 

 
 

    4212

3

2

/1/1/1

/1
'





s+s+s+λ+λV

sκ
=sG

3T

n
loop



    

  (23) 

The DC gain is less than 40dB. We regard it as 40dB for 

simplicity. ω1 varies with photocurrent. In the worst case, ω1 

coincides with ω2. The bode plot of the loop gain is shown in 

Fig. 6. In the photodetector design, ω4, ω3 and ω2 are separated 

by one decade each other. The effects of pole ω4 and zero ω3 are 

cancelled. Therefore the phase shift caused by them is zero at 

 
Fig. 5 Simulation results of the DC output voltage (V2) vs. photocurrent for 

four different M1 widths. 
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Width of M1 = 0.3um

WIdth of M1 = 3um

WIdth of M1 = 10um

Width of M1 = 30um

B(2uA, 736.3mV)

A(250pA, 416.7mV)

Table I Design parameters of the photodetector. 

M1 W/L (μm) Min. Iph (pA) C1 (fF) R (GΩ) Ibias (nA) 

30/0.24 250 104 16 4.76 

M2 W/L (μm) Max. Iph (μA) C2 (fF) v2 (mV) Vdd (V) 

2/1 2 11 72.5 1 

M3 W/L (μm) Diode C (pF) Vb1 (V) Dyn.range iph/Iph 

2.5/1 1.6 0.6 4 decades 20% 
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Fig. 6 The bode plot of the photodetector loop gain. The phase margin is 

45o in the worst condition. 
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ω2 and the magnitude becomes 20dB after ω3. Since ω1 and ω2 

coincide, the magnitude slope and phase becomes -40dB/dec 

and -90o respectively at ω1 and ω2. So the phase margin is 45o 

and the photodetector is stable in the worst condition.  

C. High impedance element 

A minimum resistance of 16GΩ is required for the R 

highlighted in Fig. 1. However, for analog VLSI circuits, it 

cannot be realized by true ohmic resistors available in a CMOS 

process.  [17] proposed a resistor-like device which is a PMOS 

with its gate connected to node 3 and its body connected to 

node 2. This device can provide large enough resistance and 

make the lower limit of the passband less than 10Hz, which 

cannot be changed. The fixed lower limit of passband at such a 

low frequency causes the photodetector receive lots of optical 

noises, such as 50Hz optical noise generated by the lighting 

system. A differential transconductance amplifier, Gm, can be 

used to generate an equivalent resistance which can be 

controlled. The schematic diagram of Gm circuit is shown in 

Fig. 7 (a). All the transistors work in the subthreshold region. 

The output current is given by 

 







 VV

κ
I=I +

T

n
bout

2V
tanh                      (24) 

where Ib is the bias current in M1. For small differential 

voltages, the output current is approximately to be, 

  VV
κI

I +

T

nb
out

2V
                             (25) 

Rearranging (25), an equivalent resistance of the differential 

amplifier is obtained. If Ib is very small, a very large equivalent 

resistance can be realized. Equation (26) indicates that varying 

Ib can change the resistance, therefore tune the lower limit of 

the passband. 

equivalent

nb

T

out

+ R=
κI

=
I

VV 2V
                      (26) 

Fig. 7 (b) shows the connection of Gm in Fig. 1. It should be 

noted that Gm circuit is not a resistor and the connection cannot 

be swapped. In the photodetector, the feedback signal flows 

from node 2 to node 3 and goes through a high resistance R. 

The Gm can generates a high equivalent resistance Requivalent 

from V2 to V3 in this connection. So it can replace the R. To 

generate 16GΩ resistance, the tail current of the Gm element 

should be 4.3pA. The bias voltage and W/L of M1 are 0.1V and 

1.5μm/1μm respectively. These parameters give the tail current 

Ib of 8.6pA. In this case, the lower limit of passband is 

approximately at 1.6kHz. 

 The sizes of M2 – M5 can be determined by the DC offset of 

the Gm circuit. M2 and M3 are identical and preferably small to 

reduce parasitic capacitance loading on the photodetector. M4 

and M5 have to be small enough not to slow down the circuit 

response, but big enough not to introduce large offsets. The 

offset is analyzed using the Vittoz CMOS model for the 

subthreshold mode [19, 20]. 








 


T

STHG
TD

nV

nVVV
VKI 02

exp              (27) 

where LWμC=β ox / , n is slope factor in subthreshold region 

and equal to 1/κ, VTH0 is gate threshold voltage for source 

voltage VS = 0. K is a factor larger than 1, which connects weak 

inversion (subthreshold) and strong inversion (above threshold). 

The slope factor n may be considered as a constant for 

transistors biased by similar values of VS. The random variables 

in (27) are β and VTH0. Assuming β and VTH0 have no 

correlations, the standard deviation in ID can be derived 

explicitly as a function of the standard deviations in β and VTH0. 
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Substituting (27) into (28) leads to (29). From the CMOS 

process data, it is known that the first term is much smaller than 

the second term, so it is ignored. 
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Now we can calculate the input referred offset voltage VOS 

between V2 and V3. In the common mode, M2 and M3 ideally 

should have the same gate voltage and source voltage, therefore 

the same drain current, ID. However, due to the variation of 

threshold voltages, the mismatch of I2 and I3 is given by 

2

2

2

2

23

Vtn

T

n

D

I

VI

D












                            (30) 

where σVtn is the standard deviation of NMOS threshold voltage. 

The M2 drain current I2 is equal to M4 drain current I4. M4 and 

M5 form a current mirror and ideally I4 and I5 are both equal to 

ID. However, due to the variation of threshold voltages, the 

mismatch of I4 and I5 is given by 

2

2

2

2

45
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D

I

VI

D








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


                           (31) 

where σVtp is the standard deviation of PMOS threshold voltage. 

Because the M2/M3 pair and M4/M5 pair have no correlations, 

the mismatch between I3 and I5 is given by, 

2

2

2

2

2

2

35

Vtp

T

p

Vtn

T

n

D

I

VVI

D





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
















                (32) 

In order to balance the mismatch of I3 and I5, an additional 

voltage should be applied to the input, which is the input 

referred offset voltage VOS of the Gm element. The standard 

M4

Vb1

M5

M2 M3

M1

Vdd

V+ V-

Ib

Iout

    

M4

Vb1

M5

M2 M3

M1

Vdd

V2 V3

Ib

I4

I2

I5

I3

Iout

 
                     (a)                                                      (b) 

Fig. 7 (a) Differential transconductance amplifier, (b) Gm circuit as the 

high impedance element R in the photodetector. 
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deviation of VOS is given by 



















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
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 2
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I
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I
D










             (33) 

where gm is the transconductance of M2, TDnm VIκ=g / . From 

simulation results, κn and κp are estimated as 0.80 and 0.79 

respectively. Moreover, the CMOS process gives empirical 

formulae for NMOS and PMOS threshold voltage standard 

deviation. 

nn

Vtn
LW

=σ
5.2 , 

pp

Vtp
LW

=σ
4.8                        (34) 

where Wn /Wp and Ln /Lp are width and length of NMOS/PMOS 

with units of microns. σVtn and σVtp have the units of milli-volts. 

By substituting (34) into (33), the standard deviation of the 

input referred offset voltage as a function of the size of 

transistors can be derived. 























ppnn

Vos
LW

+
LW

=σ
222 4.8

0.80

0.795.2                      (35) 

The sizes of M2 – M5 can be determined using (35). As 

mentioned previously, the size of M2 and M3 are preferred to be 

small in order to reduce parasitic capacitance effects on the 

photodetector, so the W/L of M2 and M3 are set to 1μm/1μm. If 

the offset is too large, V2 will deviate from the designed dc 

operating point too much. This will cause either M2 or M3 out of 

subthreshold region. In order to make PMOS size not too large, 

the standard deviation of offset voltage is set as 5mV, which 

requires a reasonable size of PMOS with WpLp = 10μm2. This 

also ensures the deviation from the designed dc operating point 

of the photodetector output is in the acceptable range. 

Now consider the open loop gain of the Gm element in order 

to properly size M4 and M5. 

 5T

n
G

λ+λV

κ
=G

m

3

                             (36) 

where λ is inversely proportional to the channel length. 

Therefore the length of M4 and M5 should be as large as 

possible. Finally the W/L of M4 and M5 are determined to be 

1μm/10μm. In this case, the standard deviation of offset VOS is 

approximately 5.4mV. 

Fig. 8 (a) shows the normalized logarithmic photodetector 

gain versus frequency for different photocurrents under 1V 

supply. In this case, the photodetector bias is 0.6V and Gm bias 

is 0.1V. As expected, if the photocurrent modulation depth is 

fixed, the gain will be the same and it is independent of the DC 

photocurrent. The calculated photodetector mid-band gain is 14, 

which corresponds to 22.9dB. Fig. 8 (a) shows the mid-band 

gain is 25.6dB because the parasitic capacitance introduced by 

the Gm increases the capacitance ratio of the photodetector. 

The zero, pole 3 and pole 2 are approximately at 100Hz, 1kHz 

and 10kHz respectively. This matches with calculation results. 

Pole 1 is determined by the photocurrent. As photocurrent 

increases, pole 1 moves towards high frequency. When pole 1 

and pole 2 are close, this causes peaking in the gain. If 

photocurrent is 1μA, pole 1 will be larger than 10MHz. The 

lowest pole 3 can be achieved when the resistance R is 

maximized. In this case, the Vgs of M1 in the Gm circuit is zero 

and this means the leakage current of M1 acts as the tail current 

of the Gm. Fig. 8 (b) shows the detector gain when the Gm bias 

voltage is 0V and pole 3 is approximately at 100Hz. By 

adjusting the photodetector bias and Gm bias, the passband of 

the photodetector can be tuned. 

III. MEASUREMENT RESULTS OF PHOTODETECTOR 

The tunable passband logarithmic photodetector was 

fabricated using a standard 0.25μm CMOS process and the 

micrograph of the chip is shown in Fig. 9. The circuit works 

under laser illumination, which may cause transistors to 

malfunction, therefore all the transistors are covered by top 

metal. Hence the circuit layout is also shown in the figure. The 

testing bench is shown in Fig. 10. A waveform generator is 

used to generate the modulation signal and its output is 

connected to a laser driver, which drives an 830nm laser diode. 

The maximum laser source power is 0.5mW due to the 

limitation of eye safety. A piece of metal with a 2.5mm 

diameter aperture in the centre is placed in front of the laser 

diode, so that a point light source is created. Two lenses are 

used to collimate the laser beam and focus the light. Neutral 

density (ND) filters are placed between the two lenses to 

attenuate the beam power so that the photodetector can be 

tested in a large range of illumination intensities. The focused 

     
(a) 

 
(b) 

Fig. 8 Simulation results of normalized photodetector gains for different 

photocurrents with 20% modulation depth and the photocurrents are 2μA, 

200nA, 20nA, 2nA and 250pA, (a) Gm bias Vb1 = 0.1V, (b) Gm bias Vb1 = 0V.  
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beam is directed to the IC chip by a beam splitter. There is also 

a microscope above the beam splitter. Through the microscope, 

the position of the IC chip can be adjusted so that the beam can 

illuminate the desired part of the chip.  

 The photodetector was tested under six different illumination 

intensities. These intensities are interesting because they 

correspond to certain working distance of the photodetector in 

the smart dust system [21]. The beam intensity was modulated 

by a square wave and the modulation depth was 20%. The 

upper cut-off frequency tuning has been shown in [17], so we 

focus on the lower cut-off frequency tuning. Fig. 11 shows the 

normalized photodetector gain vs. frequencies for two different 

Gm bias voltages. The upper cut-off frequencies for both cases 

are approximately 10kHz because we set pole 2 at 10kHz by a 

fixed Ibias in the measurement. When Gm bias is 0V, the lower 

cut-off frequency is approximately at 100Hz. The 

photodetector output is independent of the absolute 

illumination intensity. The gain has a peaking at 10 kHz when 

illumination intensity is  0.44μW/mm2. This is because pole 1 

moves close to pole 2. When Gm bias is 0.1V, the lower cut-off 

frequency moves to approximate 1 kHz. In this case, pole 3 and 

pole 2 are too close and the passband is narrow. The simulation 

results for I=2nA/i=0.4nA are selected for comparison because 

the gain has a large peaking in this case. From Fig. 11, it can be 

seen that the bandwidth of simulation and experimental results 

has a good match. But the mid-band gain of the measurement is 

2.6dB smaller than the simulation. The dominant reason is that 

the photodetector output is connected to an on-chip source 

follower buffer for measurement purposes. The buffer has a 

gain of 0.68 and this causes the measured gain to drop by 3.3dB. 

A typical photodetector output signal is shown in Fig. 12. The 

illumination intensity is 0.44μW/mm2 and Gm bias is 0V. In 

this case, the total current consumption is 6.51nA. The turn-on 

time is also measured by monitoring the photodetector output 

when driving the voltage supply by an on-off signal, as shown 

in Fig. 13. It is approximately 16.6ms due to the large time 

constant of the circuit. The summary of performance 

parameters and comparison with previous works are shown in 

Table II. 

A separate Gm circuit is also fabricated on the chip. The DC 

offset of 14 chips has been measured and the results are plotted 

in Fig. 14. The mean value is 7.03mV and standard deviation is 

5.34mV. Although the chip quantity is not large, we get a good 

match with our estimation.  
Photodiode

C1 & C2

(MIMCAPs)

75μm

100μm

133μm

33μm

28μm

 
Fig. 9 The micrograph of the fabricated chip and photodetector layout. 

140mV

1kHz

Optical signal

Photodetector output

 
Fig. 12 Photodetector output with 0.44μW/mm2 illumination intensity, 1V 

supply, 0V Gm bias, 20% modulation depth and 1 kHz signal. The output 

signal has a little ringing due to the limited phase margin. 

 Table II Summary of performance and comparison with previous works. 

 
This work 

Delbruck 

[17] 1995 

Klosowski 

[6] 2016 

Spivak 

[8] 2016 

Ge 

[9] 2017 

Technology 0.25μm 2μm 0.18μm 0.35μm 0.18μm 

Tunable BW Yes No No No No 

Pixel size 

(μm2) 
100*133 80*80 21*21 30*30 11*11 

Fill factor 75% 6.25% 5.5% 16.3% 50% 

Vdd (V) 1 NA 1.8 3.3 3.8 

Linear/log log log linear linear linear 

 

Lenses

ND filters

Laser 
diode

Beam 
splitter

IC chip

 
Fig. 10 The testing environment of photodetector. 

 
Fig. 11 The measurement results of normalized photodetector gain for 

different illuminations. Two Gm bias voltages (Vb1) are used. One is 0V, the 

other is 0.1V. 
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IV. CONCLUSION 

This paper discussed a logarithmic photodetector with a 

tunable passband for IoT smart dust applications. Theoretical 

analysis has been made and based on it the photodetector was 

designed by sizing each component and pole. A Gm circuit is 

proposed for the high impedance element in the photodetector. 

The tunable passband logarithmic photodetector was fabricated 

using a standard 0.25μm CMOS process and tested under five 

different illumination intensities. Measurement results show 

that the output voltage of photodetector is consistent with the 

theoretical analysis and simulation results. The lower cut-off 

frequency increases as Gm bias and the minimum is 

approximately 100Hz when Gm bias is 0V. The photodetector 

output and Gm DC offset matches with theoretical analysis. By 

adjusting the photodetector bias and Gm bias, the upper and 

lower cut-off frequencies can be tuned respectively. The feature 

of tunable passband enables the flexibility of selectively 

receiving optical signals and filtering out unwanted optical 

noise. 
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Fig. 14 Measured DC offset of Gm circuit for 14 chips, Gm bias is 0.1V 

and common mode input voltage is 0.4V. 

16.6ms

 
Fig. 13 Photodetector output signal when voltage supply is turned on and 

off. It needs approximate16.6ms to generate a stable small signal output 


