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Fig. 1 Various sources of inaccuracy in TOF receivers, a) the 

effect of timing jitter, b) geometric walk error, c) walk error 

due to change in the electronic delay in the receiver channel 
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Abstract— A time of flight (TOF) laser radar receiver based on 

unipolar-to-bipolar pulse shaping at its input is presented. The 

pulse shaping and the non-linear feedback of the trans-

impedance preamplifier give low timing error and jitter over a 

wide input pulse amplitude range. This receiver is realized in a 

0.35µm CMOS technology and intended to be used in laser 

ranging with laser pulses of width ~1ns. Post-layout 

simulations show a dynamic range of more than 1:200000, a 

trans-impedance gain of 117dbΩ, a bandwidth of 260MHz and 

an input-referred equivalent current noise of 70nA. These 

results are achieved while keeping the walk error less than 

±50ps (7.5mm) without any need for complicated calibration 

methods. 

Keywords—time-of-flight (TOF); trans-impedance amplifier 

(TIA); pulse shaping technique; walk error; dynamic range 

(DR); laser radar receiver 

I.  INTRODUCTION 

The pulsed TOF laser distance measurement technique is 
based on measurement of the travel time of a light pulse 
from the transmitter to the observed object and back to the 
receiver [1]. The benefits of pulsed TOF laser radar 
techniques over microwave and ultrasonic radars lie in the 
ease of controlling the optical measurement beam with 
lenses and the stability of the speed of light. Furthermore, 
unambiguous single-shot measurement results with at cm-
level or even millimetre-level precision are attainable at a 
high rate (e.g. 10-100kHz) which is not possible with 
continuous-wave measurement techniques, for example [2]. 

A typical TOF system consists of a laser pulse transmitter 
(to send high power laser pulses), optics (to illuminate the 
object and to collect the reflected echoes), a photo-detector 
(usually an avalanche photodiode (APD)), a receiver channel 
(to detect the weak optical echo pulse and extract the timing 
moment from the received pulse) and a time interval 
measurement unit (TDC). The timing jitter generated by the 
noise and the systematic timing walk error are two important 
sources of inaccuracy in TOF systems. Jitter, i.e. uncertainty 
in the timing point, randomly affects the timing detection on 
the receiver side, as shown in Fig. 1. This effect is 
proportional to the rise time of the arriving pulse and 
inversely proportional to the signal-to-noise ratio at the input 
of the receiver [3, 4]. The timing walk error is the systematic 
deviation of the timing point with pulse variations, its main 
sources being variation in the pulse rise time (geometric 
walk error, Fig. 1b) and variations in the electronic delay 
through the receiver channel at different input amplitudes 
(Fig.1c) [5, 6].  

The capability for working over a wide DR is another 
important parameter (related to the timing walk error) in the 
design of TOF receivers, since the DR of the optical input 
signal (the ratio of the maximum to the minimum signal 
current peak value at the output from the optical detector) 
can be as wide as 1:10 000 or even more, depending on the 
distance, reflectivity and angle of the object and on weather 
conditions.  

Various techniques have been proposed for implementing 
a TOF receiver, and the state-of-the-art solutions include 
compensated leading edge detection ([7-9]), linear range 
detection (using gain control, [3, 10]) and unipolar-to-bipolar 
conversion ([11, 12]). Even though the first method is 
capable of achieving a high DR, it is relatively complex due 
to the complicated software-based calibration methods 
employed in it. The second technique suffers from a limited 
DR (1 to ~500-1500), which arises from the non-constant 
electric delay in the gain control electronics.  

In the third technique, the first zero crossing point of the 
converted signal is picked out as the timing moment. As a 
result, if the receiver channel is fast enough to recover from 
saturation, the clipping of the signal that occurs at high 
amplitudes does not affect the timing moment. Even though 
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Fig. 2 A simple model for the proposed unipolar to bipolar 
conversion technique 
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Fig. 3 The block diagram of the whole receiver 

 

 

 

this approach is capable of operating over a wide DR and 
with a low walk error in principle, the implementations 
proposed so far, undergo various limitations. In [12] the 
received signal from the APD is amplified using first a 
regulated cascaded current buffer (RGC) and then a high 
pass RC differentiator is adopted to convert the unipolar 
pulse to a bipolar signal. In this case the limited DR of the 
RGC limits that of the whole receiver channel. Furthermore, 
this conversion technique cannot be implemented next to the 
APD due to the large capacitance of the photodiode and I/O 
pad which corrupts the conversion. 
 A different implementation of the unipolar-to-bipolar 

conversion receiver was proposed in [11], using an RLC 

resonator at the input of the receiver. Even though this 

technique imposes no specific conditions on the received 

signal at the high end, the DR is restricted at low end due to 

the excessive noise generated by the bias and damping 

resistors. 
This paper presents a new implementation of a TOF 

receiver channel based on the unipolar-to-bipolar conversion 
technique. In this method an LC pulse shaper and modified 
shunt feedback TIA are combined to realize a low noise, 
wide DR receiver, without using any complicated calibration 
methods. This receiver has been designed to detect laser 
pulses with a width and rise time of ~1ns using an avalanche 
photodiode (APD) as the photodetector. The paper is 
organized as follows: The operation principle is discussed in 
section II, the receiver design details are described in section 
III, simulation results are shown in section IV and 
conclusions are given in Section V. 

II. OPERATION PRINCIPLE 

The basic block diagram of the proposed TIA-based 
pulse shaping technique is shown in Fig. 2. In this technique, 
the inductor (L) is adopted both to bias of the APD and as a 
part of the RLC resonator network, and no bias resistors are 
used. The feedback resistor of the TIA (𝑅𝐹) acts both as the 
damping element of the RLC resonator and as a pass to 
convert the current generated by the pulse shaping unit to a 
voltage at the output of the TIA.  Therefore due to the 
absence of front end resistors and the low noise gain 
(because of the increasing impedance of the inductor), low 
noise behaviour can be expected at high frequencies. The 
operation principle and design details of this front end are 
described in [13]. 

The parallel RLC resonator should provide an under-
damping response. The required damping is provided by the 
resistance seen at the input of the TIA (𝑅𝑖𝑛,𝑇𝐼𝐴 =
𝑅𝐹 (𝐴0 + 1)⁄ ), where 𝐴0 is the gain of the core amplifier 
(A)). Moreover, the values of 𝐿, 𝑅𝐹 and 𝐴0 are chosen 
according to the required bandwidth and minimization of the 
walk error and noise. 

In the leading edge TOF receivers the rise time of the 
arriving pulse determines the bandwidth required, as in ([3]): 

𝐵𝑊 =
0.35

𝑡𝑟𝑖𝑠𝑒
            (1) 

However, simulations show that a lower bandwidth is 
sufficient for our proposed receiver. Since the target in this 
project is to detect pulses with a width and rise time of 
around 1ns or more, a bandwidth of less than 300MHz is 
required. The bandwidth of the whole receiver channel is 
specified by the dominant pole of the TIA, which is located 
at its input node [13, 14]: 

𝜔−3dB ≅
𝐴0+1

2𝑅F𝐶𝑇
+ √

1

𝐿𝐶𝑇
+ (

𝐴0+1

2𝑅F𝐶𝑇
)

2

           (2) 

where 𝐶𝑇 is the total input node capacitance. The value 
of 𝐶𝑇, including the photodiode (~0.5𝑝𝐹) and the parasitic 
capacitance of the input pad and bonding wires (~3𝑝𝐹), 
critically affects the performance of the system regarding the 
noise level and the walk error.  

III. RECEIVER CHANNEL DESIGN 

A block diagram of the whole receiver channel is 
depicted in Fig. 3. The detected echo pulse from the APD is 
converted to a bipolar voltage signal through the pulse 
shaping unit and TIA. The converted pulse is further 
amplified through seven wide-bandwidth differential 
amplifiers, and the amplified signal is applied to a cross-
coupled regenerative latch to generate a digital-like pulse. 
This pulse is sent out from the chip through a differential-to-
single-ended structure and a chain of inverters for the time 
interval measurement with a time-to-digital converter (TDC) 
unit. An arming comparator is used to prevent the output 
from being excited by noise. The threshold level of the 
arming comparator is adjustable through a digital code from 
outside the chip. A feedback-based offset cancellation 
scheme is used to mitigate the offset through the differential 
amplifiers and ensure precise setting of the DC level at the 
input of the first post-amplifier. 

A. TIA 

The proposed TIA circuit realization is shown in Fig. 4. 
For better understanding, a block diagram of the core 
amplifier (A) is also provided. The core amplifier is based on 
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Fig. 4 Circuit level realization of the TIA and a simple block 
diagram of the core amplifier 
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Fig. 6 a) The block diagram of the arming comparator and b) its 

third amplifier stage 
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Fig. 5 Fully differential amplifier used in post amplifier stages 

feed-forward techniques implemented by amplifiers A1 and 
A2, which consist of a cascode stage (M1, M2 and RL) and a 
common source stage (M3, M4) respectively. In this 
realization A1 is the main gain stage, while A2 has a gain of 
around one and consequently saturates at larger input 
amplitudes and returns to the linear region sooner than A1. 
Simulations show that use of the simple cascode structure 
without feed-forwarding results in larger a walk error in the 
presence of a large I/O pad and parasitic capacitance at the 
input node. This is due to the fact that for large input signals, 
when the TIA is saturated, A2 provides direct access to the 
output node (𝑉1) from the input and speeds up recovery to 
the linear region.  

Transistors MPF and MNF in the feedback pass play a 
key role in extending the DR of the receiver by preserving 
the damping behaviour of the TIA (𝑅𝐹 (𝐴0 + 1)⁄ ) at large 

inputs. For small input currents |𝑉𝐺𝑆−𝑀𝐹𝑁,𝑀𝐹𝑃| ≤ |𝑉𝑇𝐻|, 
these two transistors are switched off and have no effect on 
the signal shape. As the input current increases, they 
gradually turn on and sink the extra current from 𝑉𝐷𝐷 or 
source it to the ground [13]. Without these two transistors, 
the output signal of the TIA would tend to oscillate at large 
inputs due to lack sufficient damping.  

The dominant noise sources of the whole receiver 
channel are the input transistor of the TIA (M1) and the 
feedback resistor (𝑅𝐹). Choosing the maximum 𝑅𝐹 based on 
the target bandwidth, the size of M1 should be large enough 
relative to the  capacitance of the photodiode in order to 
minimize the noise peaking at high frequencies ([14, 15]). 

B. Post-amplifiers and analog output buffer 

Apart from the seventh post-amplifier, which uses a 
differential amplifier with a PMOS diode-connected load, 
the post-amplifiers are realized by simple wide bandwidth 
(~1𝐺𝐻𝑧), low gain (~10𝑑𝐵) differential amplifiers 
followed by source followers (Fig. 5). The bandwidth of the 
post-amplifiers is set to be high enough to recover from 
clipping well before the timing moment and low enough to 
minimize the noise through the channel. Use of the source 
followers simplifies the design of each stage and minimizes 
the loading effect from the following stage. The analog 
buffer that is added for measurement purposes is similar to 
the post-amplifiers (Fig. 5). Expect that resistors are used at 
the source of the input transistors to extend the linearity. The 
gain is around 2dB and the bandwidth in the presence of load 
capacitance of the pad and external load model is ~1𝐺𝐻𝑧. 

C. Arming comparator 

The structure of the arming comparator is shown in Fig. 
6a. Its function is to enable output of the receiver only for 
those signals that exceed the present threshold. The first two 
stages of the arming comparator are fully differential 
amplifiers of the same structure as the post-amplifiers (Fig. 
5), while the third amplifier that is shown in Fig. 6b, is a 
single-ended differential structure followed by a source 
follower stage. The bias current of the source follower (𝐼𝑀6) 
is set to be an order of magnitude lower than the tail current 
of the input differential stage (𝐼𝑀7) in order to charge the 
capacitor (𝐶1) rapidly but discharge it slowly. The voltage of 
the capacitor is then fed to three inverter stages to produce a 
rail-to-rail sufficient wide voltage pulse. This technique 



 

Fig. 7 The layout of the proposed receiver channel including I/O 

pads. 

 
Fig. 8 A post-layout simulation of the walk error for the dynamic 

range 1:400000  

ensures proper synchronization of the timing of the arming 
signal with the output of the receiver at the final stage.  

D. Offset cancellation integrator 

The offset cancellation integrator tracks the average 
voltage difference at the output of the fourth amplifier and 
produces a compensating DC voltage to bias the input of the 
first post-amplifier, in order to minimize the offset through 
the amplifier channel. The high-speed signal is filtered using 
two large MOS resistors and a trans-conductance differential 
stage with a large capacitor (to produce a dominant pole for 
the feedback circuit). The large MOS resistors isolate the 
high-speed signal pass from the loading effect of the large 
input devices of the trans-conductance stage. 

IV. SIMULATION RESULTS 

The receiver channel was designed in a 0.35µm standard 
CMOS technology. The layout of the whole receiver channel 
submitted for fabrication is shown in Fig. 7. The occupied 
die area, including pads, is 1.7mm×1.7mm. The whole 
receiver draws 62mA current from a single 3.3V supply 
voltage under normal conditions and consumes 73mA when 
the analog output buffer is enabled. The total AC trans-
impedance gain up to the input of the arming comparator 
is 117𝑑𝐵Ω, and the bandwidth (including the parasitic of the 
I/O pads and bonding wires) is about 260𝑀𝐻𝑧. The total 

simulated noise at the input of the arming comparator is 
50mV, or 70nA RMS when referred to the input. The walk 
error for the DR of the 1:400 000 (0.5µA:200mA), as shown 
in Fig. 8, is less than ±50ps, or 7.5mm in distance. The 
simulation results is summarized in Table 1.  

The key point is that these results are achieved without 
any hardware or software compensation techniques. The 
state-of-the-art receiver of [8], for example, is capable of 
achieving a wide DR and a low walk error but requires a 
lookup table for the relation between walk error and pulse 
width/slew rate to compensate for the walk error in 
collaboration with the TDC unit. Another recent design, 
presented in [16], adopts a C-TIA to increase the sensitivity 
of the receiver in order to detect very weak optical pulses. It 
also uses constant-delay detection method for timing walk 
error compensation, however its DR is 1:12000 and its walk 
error is of the order of nanosecond.  

Table 1 Summary of the post-layout simulation results 
Specification Value 

Process 0.35µm standard CMOS 

Supply voltage (V) 3.3 

Current consumption (mA) 
62 (Analog Buffer Off) 

73 (Analog Buffer On) 

Bandwidth (MHz) 260 

Trans-impedance gain (dBΩ) 117 

Input referred noise current (nA) 70 

Minimum SNR 7 

DR more than 1:200 0000 

Walk error (ps) ±50 

V. CONCLUSION 

The new TOF receiver channel described here uses a 

combination of pulse shaping techniques and modified 

shunt feedback TIA to extend the DR range to more than 

1:200000 and alleviate the noise level of the receiver to 

around 70nA while keeping the walk error less than ±50ps 

without any specific calibration methods. The receiver has 

been designed and submitted for fabrication in a 0.35µm 

standard CMOS process. 
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