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  Abstract—This work presents a high-sensitivity shortwave 

infrared (SWIR) photoreceiver, designed using a high-gain 

In0.53Ga0.47As/Al0.85Ga0.15As0.56Sb0.44 Avalanche Photodiode (APD) 

with an extremely low excess noise factor of <3.5 at a gain of 100. 

The transimpedance amplifier (TIA) and input circuitry were 

rigorously optimized for precise APD gain control. Under 

investigation with APDs of 30, 80 and 200 µm active diameters, 

the receiver demonstrated a record-low room-temperature Noise 

Equivalent Power (NEP). An extremely low NEP of 21.2 fW/√Hz 
was achieved with a 30-µm-diameter APD, over a 440 MHz signal 

bandwidth, at an APD gain of 230 and the wavelength of 1550 

nm. Current commercial APD-TIA modules typically exhibit 

NEPs of >100 fW/√Hz to 10's of pW/√Hz. Compared to its best-
in-class 80-µm counterpart, this work's receiver demonstrated a 

6.5× sensitivity improvement at 2× the operating bandwidth, with 

an NEP of 32.5 fW/√Hz. These results are of great significance 
for SWIR applications including extending the range of LiDAR 

systems, for which optimal performance requires the maximal-

sensitivity detection of few-nanosecond optical pulses. The data 

reported in this article is available from the ORDA digital 

repository ( https://doi.org/10.15131/shef.data.26095804 ) 

 

Index Terms—AlGaAsSb, avalanche photodiode (APD), excess 
noise, frequency response, high-sensitivity, noise equivalent 

power (NEP), optical receiver, short-wave infrared (SWIR), 

transimpedance amplifier (TIA). 

 

I. INTRODUCTION 

UMEROUS applications require optical receivers 

capable of short-wave infrared (SWIR) detection. For 

many years, fiber-optic communications have 

exploited low-loss transmission windows at 1.3 and 1.55 µm. 

Lately, free-space optical communications and LiDAR 

applications frequently operate at wavelengths above 1 µm 
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[1], [2]. LiDAR systems operating at 1550 nm offer several 

advantages over 905 nm systems, such as eye safety [3], 

longer detection ranges and improved immunity to solar 

irradiance [4]. Additionally, tuned 1.5-1.65 µm wavelengths 

are now being employed in the high-performance detection of 

large industrial methane leaks [5], identified as a major 

contributor to climate change [6]. Such LiDAR systems often 

use few-nanosecond pulse-widths [2], [5], demanding receiver 

bandwidths in the hundreds of MHz. In all cases, the receiver's 

sensitivity limits the smallest detectable return signal. 

Maximizing sensitivity not only increases detection ranges and 

accuracy [3], but also enables higher transmitter efficiencies 

[7] and improved system reliability under suboptimal 

conditions [8]. Whilst utilized in near-infrared applications, 

the spectral range of silicon detectors limits them to sub-1100 

nm wavelengths. In0.53Ga0.47As (hereafter InGaAs) SWIR 

detectors typically offer a detection range of 900 - 1700 nm. 

The front-end of an optical receiver usually consists of a 

photodiode followed by a transimpedance amplifier (TIA). For 

high-speed and low-signal applications, the receiver's 

sensitivity is usually limited by the TIA's input-referred 

current noise. The detection of small optical signals requires 

careful design optimization and incurs trade-offs with speed, 

as increases in amplifier bandwidth are inherently 

accompanied by an increased noise floor. Using an avalanche 

photodiode (APD), the diode's avalanche multiplication gain, 

M, is exploited to improve the Signal-to-Noise Ratio (SNR) at 

the receiver's input. Under increased M, however, most APDs 

contribute "excess" noise due to statistical fluctuations in the 

multiplication gain. In the absence of any optical input, the 

APD's dark current, including surface and gain-multiplied 

bulk components, results in an APD noise floor. The latter is 

dependent on its excess noise factor, F, at the given M [9]. 

This limits the sensitivity improvements that are achievable by 

simply increasing M. 

One useful performance metric of an optical receiver's 

sensitivity is that of Noise-Equivalent-Power (NEP). Defined 

as the optical input power required to yield a unity SNR, it is 

typically given in units of W/√Hz, normalized over the 
receiver's bandwidth. By evaluating the NEP over a range of 

M, the optimal APD operating point can be found at which the 

NEP reaches its minimum. High-performance commercial 

detector modules, suited for MHz-frequency SWIR 

applications, have so-far achieved NEPs approaching 

100 fW√Hz at APD gains of M = 5–10 [10], [11], [12]. 

N 
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Until recently, the lowest-noise commercial SWIR APDs 

have generally utilized an InP or InAlAs multiplication region 

and an InGaAs absorber in a Separate Avalanche and 

Multiplication APD (SAM APD). These devices are typically 

operated at gains of M ~ 10, due to their high excess noise (F > 

5 for M ≥ 20) [13], [14]. There have been recent reports of 

very low excess noise factors from alternative avalanche 

materials lattice-matched to InP substrates, such 

as  AlAs0.56Sb0.44 [15], Al0.79In0.21As0.74Sb0.26 [16] and 

Al0.85Ga0.15As0.56Sb0.44 [17] (hereafter AlGaAsSb). AlGaAsSb 

SAM APDs with a GaAs0.52Sb0.48 absorber have achieved low 

excess noise factors [18], [19], while Phlux Technology 

combined an InGaAs absorber and AlGaAsSb multiplication 

region to yield a low excess noise and low dark current [20], 

[21]. As the noise of an APD is generally the chief factor 

limiting its usable gain, these AlGaAsSb APDs show potential 

for very high gain operation, while F remains low. As such, 

these APDs are an interesting candidate for the design of a 

high-sensitivity optical SWIR receiver, in which large APD 

gains are employed to boost the input signal and overcome 

TIA noise. 

In this work, a high-sensitivity SWIR detector module, with 

hundreds of MHz of bandwidth, was designed using linear-

mode InGaAs/AlGaAsSb SAM APDs for high-gain room-

temperature performance. The bandwidth, NEP and optimal-

gain operating point were evaluated and compared against 

existing best-in-class detector modules. 

II. RECEIVER DESIGN AND IMPLEMENTATION 

The receiver consists of a packaged APD (TO-46) followed 

by a DC-coupled amplifier, as shown in Fig. 1. The design 

includes series protection circuitry to limit the maximum current 

through the APD in the event of high-power input pulses, whilst 

simultaneously filtering noise from the bias supply. The 

amplifier is composed of two stages: a TIA (LTC6563) and an 

output voltage buffer (MAX4444). Low-noise voltage 

regulators provide a filtered supply to each stage. The total gain 

was measured as 21 kV/A into a 50 Ω load. 
 

 
Fig. 1.   Block-diagram of the receiver circuit. Cin represents the total parasitic 

capacitance seen at the input node of the TIA. 

 

An input-side measurement buffer allows the voltage at the TIA 

input node (VOffset) to be measured. During high-gain operation, 

this cathode-side reference enables precise control of the APD's 

bias voltage (VAPD). The packaged APD is mounted via a socket 

in the receiver, allowing each APD to be tested in the same 

circuit under identical conditions. Care was taken to minimize 

the capacitance seen at the TIA input node (Cin – the sum of the 

APD capacitance and total stray circuit capacitance), which 

impacts both the TIA's bandwidth and input current noise. The 

entire circuit was housed in a grounded noise-shielding 

enclosure to mitigate the effects of electromagnetic interference 

(EMI). During measurements, the temperature was monitored 

on the package of the APD by a sheathed thermocouple probe. 

This was grounded at the same potential as the device's TO-46 

case to mitigate higher-frequency EMI coupling. 

III. EXPERIMENTAL DETAILS 

The receiver performance was evaluated with commercial 

APDs supplied by Phlux Technology (Aura Series [20]), similar 

to those previously reported in [21]. These have optical-area 

diameters of 30, 80, and 200 µm, respectively, and are packaged 

in TO-46 headers. 

A. Device Characterization 

For each APD, dark current and capacitance versus reverse 

bias were measured at room temperature. Responsivity and 

avalanche gain were measured individually for each APD at 

22.0 °C (±0.1 °C), monitored using a thermocouple probe on 

the device package. The 1550 nm laser source was square-

wave modulated (180 Hz, 50 % duty cycle) and a lock-in 

amplifier used to extract the photocurrent from the dark 

current at low input powers. The incident optical power (25-

26 nW) was measured before and after each set of responsivity 

readings using a calibrated power meter. Fine voltage steps at 

high bias were used to minimize any minor error introduced 

during the NEP measurement, in which linear interpolation is 

used to determine the bias, VBIAS, required to achieve a desired 

value of gain. A known unity-gain responsivity value of 

0.97 A/W, measured on a reference photodiode with identical 

InGaAs absorber thickness  [21], was used to determine the 

gain from the responsivity data. 

Excess noise was measured at room temperature by the 

method described in [22]. Phase-sensitive detection was used 

during the excess noise measurement to measure the 

photocurrent and noise power under illumination by a 1520 

nm He-Ne laser (35 nW input power, mechanically chopped at 

180 Hz). The noise was measured twice on a 200 µm device at 

a 10 MHz center frequency (4.4 MHz span) and evaluated 

against the corresponding shot noise (for the given 

photocurrent) measured by the calibrated setup. The gain-

voltage data extracted from this measurement and the 

responsivity measurement are in agreement. 

B. Receiver Characterization 

The bandwidth and NEP of the module were measured 

using the setup shown in Fig. 2. APD bias was provided by a 

Source-Measure-Unit (SMU, Keithley 2450), operated in a 4-

wire sense mode, which measured the DC input current (IIN) 

and APD voltage (calculated from VSENSE). The spectrum 
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analyzer was used to measure the signal response and output 

noise voltage (50 Ω load) across the chosen measurement 
bandwidth. An externally mounted peltier module ensured the 

entire receiver, including the APD, was maintained at 22.0 °C 

(±0.1 °C) throughout all NEP measurements, matching the 

conditions under which the gain was characterized. 

For the bandwidth measurement, the continuous-wave 

(CW) laser source was intensity-modulated using an electro-

absorption modulator (EAM, CIP 40G-SR-EAM-1550), with 

input RF signal of fixed modulation depth (-20 dBm AC, 50  Ω 
termination, -2 VDC bias) provided by the tracking generator of 

the spectrum analyzer (Rigol DSA815-TG). The average laser 

power was measured as 28 nW after the EAM. The output of 

the receiver (VOUT) was measured over the swept frequency 

range, providing the overall optically stimulated system 

frequency response. For each APD, the frequency response 

was measured as a function of avalanche gain, covering the 

full NEP-measurement gain range. These results were 

compared against the receiver's output noise spectra when the 

APD noise was dominant to reduce any uncertainties 

introduced by the electro-optical test fixture. 

 

Fig. 2.   Experimental setup for frequency-response and NEP measurements. 

 

The NEP measurement setup utilized the same setup as is 

shown in Fig. 2, but the APD was kept in the dark. Prior to 

NEP measurements, the input characteristics of the receiver 

circuit were evaluated using a packaged short-circuit 

"dummy" device (VAPD = 0 V in Fig. 1) under identical 

conditions to the actual run. The series impedance of the input 

circuitry and voltage offset of the cathode reference buffer 

were extracted by injecting bias currents over the maximum 

range of IIN. These parameters were used to calculate the exact 

voltage across the APD, allowing its gain to be accurately 

derived during the NEP measurements. 

The NEP measurement procedure was fully automated 

(using Standard Commands for Programmable Instruments 

and Python code) to minimize human error. The procedure for 

each reading is laid out as follows. A nominal SMU bias 

voltage (VBIAS, Fig. 2) required to yield the desired M, is 

calculated using linear interpolation from each APD's pre-

measured M(V) data. Upon application of this bias, the 

software waits until the measured SMU voltage (VSENSE) and 

current (IIN) stabilize to within a defined percentage of their 

steady state values (<0.01 % and <3 %, respectively), ensuring 

any transients have settled. These values are recorded 

alongside the raw output noise spectrum and total average 

noise voltage density (in V/√Hz) over the pre-defined 

measurement bandwidth. For all NEP measurements, the 

starting frequency (lower range of measurement bandwidth) 

was set at 10 Hz, corresponding to an AC-coupled receiver 

output. The voltage across the APD (VAPD) is then calculated 

from VSENSE, IIN and the measured input characteristics, 

accounting for the voltage drops across the reference buffer 

and protection circuitry. The gain and responsivity are then 

determined from the premeasured data. The NEP value is 

calculated using 

 𝑁𝐸𝑃 = 𝑣n_out   𝐺𝑇𝐼𝐴  ∗ 𝑅𝐴𝑃𝐷, (1) 

 

where vn_out is the measured output noise density (unit: 

V/√Hz), GTIA is the TIA's transimpedance gain (unit: V/A) and 

RAPD is the APD's responsivity including avalanche gain (unit: 

A/W). This procedure is repeated for different avalanche 

gains. 

IV. RESULTS 

Table I shows the room-temperature dark current at M = 10 

(VAPD = -55 V) and device capacitance at VAPD = -40 V (post-

punch-through) for the three diameter APDs. Both the dark 

current and capacitance increase with device area. 
 

TABLE I 

MEASURED ELECTRICAL CHARACTERISTICS OF EACH APD 

 

Diameter (µm) Dark Current, Id  (nA)  

at M = 10 

Capacitance, Cpd  (pF) 

at -40 V  

30 2.7 0.31 

80 5.2 0.70 

200 6.9 2.33 

 

 

 
Fig. 3.   Avalanche gain versus reverse bias data of the 30-µm diameter APD. 

Inset shows the receiver's DC input current (IIN) versus gain, measured during 

the 30 µm NEP run of Fig. 7. Low-gain trendline is fitted over M ≤ 200. All 
measurements taken at 22.0 °C (±0.1 °C). 
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Fig. 3 shows the measured gain of the 30-µm diameter 

APD. The steepness of the gain curve (characterized by 

ΔM/ΔV) increases as the APD approaches breakdown. Hence 

it is important to maintain precise bias voltage and 

temperature, which can affect the gain during the NEP 

measurements. The inset of Fig. 3 shows the receiver's DC 

input current (IIN) for a given M, recorded by the SMU during 

the 30-µm diameter NEP measurement sweep. For M < 220, 

the DC input current increases in a roughly linear fashion from 

its lower-gain magnitude. A rise in dark current is expected 

from the APD, in which the bulk leakage component increases 

with M. In this case, a small increase of ΔIIN ~ 4.5 nA is 

observed over M = 100 to 200 (ΔVBIAS ~ 0.51 V). For M ≥ 220, 

an additional rate-of-increase in current with gain is observed. 

Note that the total measured IIN is greater than the APD's dark 

current (e.g. by ~22 nA at M = 10). This is attributed to the 

finite input impedance presented by the receiver's bias 

circuitry to the 4-wire measurement setup. 

 

 
Fig. 4.   Measured excess noise factor versus gain characteristics of the 200-

µm diameter APD at room temperature (two data sets). Inset compares these 

results against commercial InGaAs APDs [13], [14]. Reference lines plot the 

excess noise factors from McIntyre's equation [9] for k = 0 to 0.4 in 0.05 

steps. 

 

 
Fig. 5.   Frequency response between 107 and 109 Hz of the receiver module 

with each APD. Amplitude is normalized to an APD gain of M = 10.   Table 

(inset) compares BWop and BWn.  

Fig. 4 shows the F(M) characteristics of the 200-µm 

diameter APD under 1.52 µm wavelength illumination. The 

excess noise factor increases linearly with gain, reaching F = 

13.6 at M = 491. The characteristics are much lower than those 

from two low-noise commercial SWIR APDs [13], [14] shown 

in Fig. 4 (inset). Lines indicate the F(M) characteristics 

expected from the ionization coefficient ratio, k, in McIntyre’s 
classical noise model [9], from 0 to 0.4, with 0.05 steps. The 

commercial APD characteristics correspond to F(M) values 

typical of APDs based on InAlAs (FM=10 = 3.2, FM=20 = 5.5 for 

Optogration APD [14]) and InP (FM=10 = 5.0, FM=20 = 8.1 for 

Hamamatsu APD [13]). At M = 100, the excess noise of the 

AlGaAsSb APD (F ~ 3.3 - 3.4) matches that of the lowest-

noise commercial InGaAs APDs operated at a much lower 

gain of M = 10 (F ~ 3.2typ - 3.7max) [14]. At a system level, this 

represents an order-of-magnitude improvement in the front-

end signal gain with no sacrifice in excess noise. 

The receiver's optical frequency response obtained with 

each AlGaAsSb APD, normalized to a device gain of M = 10, 

is shown in Fig. 5. Bandwidths (BWop) deduced from the 

frequency response show no variation over the measured gain 

range (M ~ 400 for the 30 m diameter APD and M ~ 200 for 

the other two APDs). These gain values are well beyond those 

recorded at the given device's NEP minimum (see later). The 

table in Fig. 5 shows good agreement between the measured 

bandwidths (BWop) and those estimated from the output noise 

spectra (BWn). For the 30 m diameter APD, a BWop = 440 

MHz was obtained.  

 

 
Fig. 6.   Measured output noise spectra for receiver integrated with 80-µm 

diameter device at increasing APD gains. Estimated -3 dB bandwidth (BWn) 

of TIA shown for APD-dominated noise spectrum (M = 350). Noise power 

measured into 50 Ω load. Spectrum-analyzer resolution bandwidth of 30 kHz 

with RMS detection type used. 

 

Examples of noise spectra from the 80-µm diameter APD 

are shown in Fig. 6. At M = 50, the noise is still equal to the 

TIA noise floor, showing no significant increase above the M 

= 10 output reference. This initial noise floor is dependent on 

the TIA's total input capacitance (Table I) which is, in turn, 

dependent on the APD capacitance. The input-referred noise 

value at M = 10 is shown in Fig. 7 (inset) and is greater for the 

larger-area devices. When M = 200 and 350, the output-noise 

spectrum shows the APD noise is above the TIA noise, with 
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the roll-off at high frequencies defined by the TIA's response.  

Where the bandwidth approximated from this spectrum (BWn) 

differs from BWop (Fig. 5 inset), the lower of the two was used 

as the NEP measurement bandwidth (BWmeas) to provide the 

worst-case estimation of the noise performance. In practice, 

choosing the larger value yielded a minimal difference in the 

measured noise density, with <2 % difference in the resulting 

NEP minimum value (ΔNEPmin,30µm = 0.5 %, ΔNEPmin,80µm = 

1.8 %).    

 

 
Fig. 7.   NEP of the receiver versus APD gain at 22 °C when integrated with 

each Phlux APD. NEP minimum values are shown (bottom left) alongside the 

gain at which they are observed. Table (inset) shows the input-referred TIA 

noise (evaluated at M = 10) and noise-measurement upper frequency (BWmeas).  

 

Fig. 7 plots the measured NEP against gain for the receiver, 

when integrated with each device. At lower gains (M < 50, for 

all devices), the total noise approximates to the TIA noise 

floor. Increasing M initially results in an inversely 

proportional decrease in NEP. The minimum NEP values 

obtained are 21.2, 32.5 and 46.3 fW/√Hz for the APDs with 

diameters of 30, 80 and 200 µm respectively. Thereafter, the 

NEP starts to rise as the APD noise contribution increases 

faster than the beneficial increase in M.   For example, the 30-

µm diameter APD’s NEP increases at M > 230, corresponding 

to significant increase in the APD's dark current (inset of 

Fig. 3). Observing Fig. 7, the minimum NEP value occurs at 

higher gains for smaller-diameter devices, for which the TIA 

remains the dominant noise source over a larger gain range. 

Purposeful introduction of a temperature error (mismatch 

between NEP & gain measurement temps) showed a variation 

of less than 1 % per °C (ΔNEPmin,80µm = 0.6 % / °C, Tmeas = 

22.0 - 26.0 °C). Estimating a worst-case compound 

temperature mismatch of up to 0.3 °C during the actual 

measurements, the resulting NEP error is calculated as 

<0.2 %. 

 

V. DISCUSSION 

The receiver bandwidth measured with both the 30 µm and 

80 µm APDs (≥400 MHz, up to 450 MHz for 30 µm) makes it 

well-suited for the detection of few-ns pulse widths (≤2.5 ns). 

For the 200 µm device, the lower bandwidth (185 MHz) is 

attributed to the higher device capacitance (Cpd = 2.33 pF). 

Due to the absence of circuit optimization for this specific 

device, the pole formed by this capacitance, in combination 

with the total series bias-path resistance, lies below the TIA's 

expected Cin-limited bandwidth (as can be observed by the 

roll-off of the 200 µm response in Fig. 6). As shown in Fig. 5, 

no effects on the frequency response were observed when 

operating at APD gains encompassing the full NEP 

measurement range and minima points (M > 230). This 

validates the frequency performance of the receiver at its 

minimum-NEP operating point. Furthermore, the absence of 

any bandwidth-limiting observed at even higher gains (e.g. M 

~ 400, Fig. 5) suggests the suitability of these APDs for 

higher-speed applications, in which the gain-bandwidth 

product (GBP) of the chosen APD elsewise imposes a 

limitation [23], [24]. This corresponds to a GBP of beyond 

170 GHz (BW = 440 MHz at M ~ 400). 

The minimal variation of the measured NEP with the 

introduction of a temperature error (<1 % / °C) validates the 

reliability of the two-stage measurement procedure (<0.2 % 

worst-case error estimated due to any temperature mismatch). 

It should be noted that this is likely also benefited by the 

APDs' small coefficient of breakdown voltage (quoted as 

20 mV/ºC  [20]). This temperature stability is of particular 

value when operating at very high gains, for which the tighter 

voltage-control requirements (steeper ΔM/ΔV, see Fig. 3) 

necessitate an increased stability of the gain-voltage 

characteristics.  

 
TABLE II 

NEP AND BANDWIDTH OF SWIR DETECTOR MODULES WITH VARIOUS-

DIAMETER APDS  

 

Diameter  

(µm) 
Module 

NEP  

(fW/√Hz) 

Bandwidth  

(MHz) 

30 This work 21.2 440 

 

80 

This work 32.5 400 

C30659-1550-

R2AH [10] 220 200 

 This work 46.3 185 

 

200 

C30659-1550-

R2AH [10] 130 50 

 CMC 264-

339822-VAR 
[11], [12] 

102 62 

 

Table II compares this work with high-performance 

commercial APD modules. The 200-µm-integrated receiver 

here reached an NEP of 46.3 fW/√Hz over a bandwidth of 185 
MHz. This is significantly better than existing modules with 

similar-size APDs. These are limited to NEPs of >100 fW√Hz 
and typically operate at M = 5–10 [10], [11], [12]. A module 

from CMC Electronics [11] was reportedly optimized to 

achieve an NEP of 102 fW/√Hz (1570 nm wavelength) in [12] 
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with a 62 MHz  bandwidth. Excelitas' high-sensitivity InGaAs 

APD module (C30659-1550-R2AH [10]) has a quoted NEP = 

130 fW/√Hz over a 50 MHz bandwidth. 

The improved NEP performance was also observed in this 

work’s 80-m APD receiver, when compared to equivalent 

commercial modules. Excelitas' 80-µm module (C30659-

1550-R2AH [10]) has a bandwidth of 200 MHz at an NEP of 

220 fW/√Hz. By comparison, this 80-µm-integrated receiver 

demonstrated an NEP minimum of 32.5 fW/√Hz and a 
bandwidth of at least 400 MHz. This NEP corresponds to a 

factor of 6.5 improvement in sensitivity at twice the operating 

bandwidth of the Excelitas module. 

When integrated with the 30-µm diameter APD, the receiver 

achieved a room-temperature NEP of 21.2 fW/√Hz over a 440 
MHz bandwidth. At the time of writing, this is believed to be 

the lowest NEP observed for any amplifier-integrated InGaAs-

APD-based detector. 

To facilitate higher-frequency operation, this design has 

used a TIA with an input-referred noise of at least 2.9× higher 

than those in [10], [11], [12]. Despite this, the high-gain 

AlGaAsSb APDs (M > 150) achieve extremely low NEPs. 

Further improvements can be expected for optimizations of 

the design, including the reduction of layout parasitics and 

elimination of the APD test receptacle (Cpara ~ 0.7 pF). 

 

VI. CONCLUSION 

This work presented a high-sensitivity SWIR photoreceiver, 

designed using low-noise InGaAs/AlGaAsSb APDs. The 

receiver included input bias circuitry which was carefully 

characterized to enable precise high-gain APD operation. It 

was tested at room temperature with APDs of 30, 80 and 

200 µm diameters and its performance was compared against 

existing commercial modules. The receiver demonstrated an 

extremely low NEP of 21.2 fW/√Hz, over a 440 MHz signal 
bandwidth, using a 30 µm APD at a gain of M = 230. 

Frequency-response measurements showed no bandwidth 

limiting at measured gains well beyond this NEP minima (M ~ 

400), evidencing an APD gain-bandwidth product exceeding 

170 GHz. These results evidence the practical capability of 

these APDs to be operated with low excess noise at very high 

gains, greatly improving the front-end SNR to overcome 

amplifier noise. This is of significance for SWIR applications 

requiring the detection of heavily attenuated return signals, 

whilst maintaining reasonable bandwidths. 
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