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Abstract— In this study a detailed noise analysis and
measurements of a time-of-flight (TOF) laser radar front-end
amplifier are presented, in which an LC pulse shaper is
combined with the non-linear feedback Trans-Impedance
Amplifier in order to achieve a low noise and wide dynamic
range TOF receiver. The noise of the receiver limits the single
shot precision and sensitivity (i.e. the dynamic range at low end)
of the receiver channel. It is shown that the proposed technique
shapes the noise generated by various components of the front-
end. Furthermore, in order to achieve the best possible noise
performance, various compromises over  different
characteristics of the front-end (walk error, bandwidth) are
discussed. The proposed front-end amplifier was fabricated as a
part of a TOF receiver chip in a 0.35 pm standard CMOS
process and our measurements show a trans-impedance gain of
~122 dBQ, a bandwidth of ~200 MHz, and an input-referred
equivalent current noise of ~60 nA.

Keywords—time-of-flight (TOF), trans-impedance amplifier
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I. INTRODUCTION

The time-of-flight (TOF) measurement technique refers
to the travel time of an optical pulse from a laser pulse
transmitter to an observed object and back to the receiver.
TOF based laser range finders are widely used in present
industries (e.g. measurement of level heights in silos,
positioning of tools and vehicles, and proximity sensors [1]).
More recent applications include 3D scanning systems, which
have application in robotics and automatic driving vehicles
[2].

From a general point of view, optical receivers are part of
both optical communications and TOF laser radar systems. In
both the applications, an optical receiver resolves the value of
the incoming signal by sensing the changes in the magnitude
of the photodiode current [3, 4]. In optical communication
receivers, the lowest possible noise and best possible
sensitivity are achievable with input bandwidth far less than
the bit rate frequency (e.g. 0.12 [5] to 0.6 f3,;; [3]). However,
an equalization technique is needed in order to eliminate inter-
symbol interference (IST) caused by adjacent symbols [6].

The optical TOF receivers, on the other hand, are not
subject to ISI since the incoming pulses are spaced apart with
sufficient time span (The maximum pulse rate in these
systems is 100 KHz-1 MHz). In this type of receivers,
however, the amplitude dependent timing error (known as
walk error) and noise generated timing jitter dominantly limit
the performance of the system [7-9]. The amount of jitter,
which determines the single shot precision of the receiver
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channel, is directly proportional to the noise in the receiver
channel and to the rise time of the arrived pulse [8]. The rise
time, on the other hand, determines the bandwidth of the
receiver channel. The maximum achievable bandwidth is
determined using a specific technology; therefore, in order to
increase the precision and sensitivity of the receiver channel,
low noise solutions should be utilized.

An ongoing challenge in TOF receivers is that amplitude
of the arrived echo pulse varies over a dynamic range (DR) of
1:10000 or even more depending on distance, weather
condition, reflectivity and angle of the object. The receiver
should be able to detect echo pulses in a range of less than 1
pHA to more than 10 mA. If a simple comparator with a
predefined threshold voltage is used to pick out the timing
moment (known as leading edge detection method [10]) a
large amount of walk error is produced (Fig. 1). To overcome
this problem, one possible solution is the unipolar-to-bipolar
conversion technique, in which the arrived unipolar pulse is
converted to a bipolar signal and the first zero crossing point
of the converted pulse is adopted as the timing point [11].
Using this technique is advantageous from both the DR and
the walk error points of view because if the receiver channel
is designed to recover fast from saturation in large input
pulses, the zero crossing timing point remains unaffected. As
a result, the DR of the receiver is enhanced while keeping the
walk error low. An implementation of this technique is shown
in Fig. 2, in which the input pulse passes through an RLC tank
and generates a bipolar voltage signal, which is amplified by
a differential amplifier. This implementation, however,
suffers from excessive noise already generated at the input of
the receiver channel due to relatively low damping resistor
used in the RLC network.

In another implementation of this technique, which was
recently proposed ([12, 13]), the LC resonator is combined
with a non-linear shunt feedback TIA. This study undertakes
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Fig. 1. Amplitude dependent timing error, known as walk error.
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Fig. 2. Proposed circuit level implementation of the unipolar-to-
bipolar conversion technique in [11].

a detailed analysis and measurements of the noise
performance for this technique. The designed receiver based
on this technique provides a low noise and a wide DR while
keeping the walk error low without using complicated
calibration methods. The rest of the paper is organized as
follows: The effect of noise in TOF receivers is discussed in
section II; after a short introduction to the proposed technique
in section III, its noise performance is analyzed in section IV
and V. Finally, the measured results and conclusions are
presented in sections VI and VII respectively.

II. GENERAL CONSIDERATIONS

It has been long understood that in a bandwidth limited
communication system, for a given rise time of the arrived
pulse, the required bandwidth is roughly determined using the
following equation ([14]).

BW =~ 0.35/t, (1)

where, t, is the rise time of the arrived pulse. It means that
in order to process steeper pulses, a wider bandwidth is
needed. Another important parameter in the TOF leading edge
optical receivers, which limits the precision of the receiver
randomly, is the timing jitter. Based on triangulation
estimation for a pulse ([15]), the timing jitter can be
approximated by the following.

Onoise __ tr (2)

Oi; ~
Jitter ™ gy /8t~ SNR

where 0j;¢¢er 18 the standard deviation of the timing point,
Onoise 18 the noise power and dV /dt is the slope of the signal
at the timing point (Fig. 3). This equation reveals an initial
conflict between low-noise requirement and high-speed
operation. For processing steeper signals, a higher bandwidth
is required, which roughly leads to a higher in-band noise and
consequently increases the amount of jitter. Furthermore, the
amount of noise at the input of the receiver limits its sensitivity
or the DR at low end.

III. OPERATION PRINCIPLE

A basic block diagram of the proposed unipolar-to-bipolar
conversion technique is depicted in Fig. 4. In this technique,
the detected current pulse of the avalanche photo-diode (APD)
is converted to a bipolar current signal through the LC tank,
which is fed to a TIA. The TIA converts the arrived current
signal to an amplified voltage at its output. In this
configuration, no bias or front-end resistors are used and the

Felative amplitade (ark unigsy

Time (mej

Fig. 3. The effect of noise in timing jitter.

under-damping response of the RLC network, which is needed
in order to generate a bipolar signal, is set by the resistance
seen at the input of the TIA, as given by the following
expression.

Rp
(Ap+1)

3)

R in,TIA =

where Ry is the feedback resistor and A is the gain of the
core amplifier (A). Therefore, if enough gain is provided a
large feedback resistor can be chosen. Furthermore, the off-
chip inductor (L) serves as part of the pulse-shaping unit and
part of the APD bias circuitry. The commercially available
inductors with high quality factor (e.g. 50) and low DC
resistance (e.g. 2—5 Q) fit our target frequencies (below 300
MHz) well.

In addition to the damping demands, the design criteria for
this front-end arise from required bandwidth, minimization of
noise and walk error. The bandwidth of the receiver channel
is specified by the dominant pole of the TIA as [12, 16] given
below.

2
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(l)_3dB = = + T + ( 0 ) (4)
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where Cr is the total input node capacitance which
includes the photodiode and the parasitic capacitance of the
input pad and bonding wires. The value of this capacitance
critically affects the performance of the system in terms of the
noise level and walk error.

IV. NOISE ANALYSIS OF THE PROPOSED FRONT-END

The Noise sources of the proposed front-end are shown in
Fig. 4b. Based on [17] and neglecting the input current noise
of the core amplifier, the equivalent noise at the input of the
trans-impedance amplifier is:

2 = [Hy(8)|2V2 e + [Hy(5) 12V, (5)
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Fig. 4. A block diagram for the proposed front-end (a) and its equivalent
noise model (b).

where V2 is the noise voltage of the feedback resistor,

V,f, 4 1s the input referred voltage noise of the core amplifier,
and

Ao
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H,(s) and H,(s) are the input referred noise transfer
functions of the feedback resistor and the core amplifier,
respectively. H,(s) has a second order band-pass nature,
while H, (s) has a second order band-stop nature. Fig. 5 shows
the frequency response of these two transfer functions for a
typical set of parameters. Based on this analysis, the noise
generated by the feedback resistor manifests itself around the
resonance frequency of the LC pulse-shaping circuit and is
filtered out in other frequencies while the noise components
of the core amplifier are filtered out in the vicinity of the
resonance frequency. This “noise shaping” is a result of
utilizing the proposed unipolar-to-bipolar conversion
technique. The reason for this behavior is that at low
frequencies, the inductor (L) and at high frequencies the
capacitor (Cy) provide a low impedance pass to the ground
and allow the noise of the core amplifier to be amplified
by Ay, while bypassing the current noise of the feedback
resistor to the ground. The bandwidth of these band-pass and
notch transfer functions is roughly equal to

Ao

BWypise & ——2—
Noise 2nRECT

®)

This equation and analysis show a tradeoff between low
noise requirements, bandwidth, trans-impedance gain and
required damping for minimum walk error. More details about
the noise considerations are given in the next section.
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Fig. 5. The Frequency response of the input referred noise transfer
functions (H, (s) and H,(s)).

V. NOISE ANALYSIS OF THE CORE AMPLIFIER

The circuit level realization of the TIA is shown in Fig. 6a.
The core amplifier (A) consists of two gain paths and a buffer:
Al: a boosted cascode stage (M1, M2, MP1 and RL), A2: a
common source stage (M4, M3) and Buff: a source follower
stage (M5, M6). The output of the two gain paths is combined
in a feedforward manner; however, Al is the main gain stage
and provides almost all the targeted gain. The common source
stage has a gain of around one and due to that, it saturates at
higher input amplitudes and returns to the linear region prior
to the cascode stage. This feature eases recovery from
saturation at large inputs and consequently minimizes the
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Fig. 6. Circuit level realization of the TIA and a simplified model for the
noise sources of the core amplifier.



effect of saturation on the zero crossing point. A simplified
model of the core amplifier along with the noise sources for
each stage is shown in Fig. 6b. Based on this model the total
input referred noise can be calculated as given below.

A2V, +A +V
> 1 nA1 2 nAz nbuff _ 1,2 A2\ T2
Via = (A1+A42)? ~ Voaa t ( 1) Vn.az ©)

where: A; = gmiR1, Az = Gma/Gmsz. and

Vi = 4KT (L4 20y ) (10)

gm1 Im1 ImiRL
Vin = 4KTy (= :Zgj) (11)
4KT
Vzbuff 127[: (ng + gm6) (12)

where all the variables represent their common meanings
and the noise of the buffer is neglected in (9).

Based on this analysis, Al contributes the most to the
noise of the core amplifier. Therefore, based on (9), (6), and
(7) in order to have the best possible noise performance, the
following considerations should be taken into account:

1. The noise of the feedback resistor is filtered out both in
high and low frequencies. Moreover, Ry appears in the
denominator of both the noise transfer functions, therefore, its
value should be chosen as large as possible, taking into
account the bandwidth and damping required.

2. The gain of the core amplifier (A4y = A; = gm1RL)
appears in the numerator of its noise transfer function (H, (s)),
while g,y is the most important parameter to alleviate the
input referred noise of the core amplifier (V, A) therefore, a
good strategy would be to choose larger g,,; and smaller R; .
The contribution of R; to the noise of the core amplifier is
negligible; however, it can set the gain to be lower. It is
important to note that A, affects the bandwidth of the signal
and noise by the same rate ((8) and (4)) as well as input
damping (3).

3. The thus far analysis for the noise of the front-end is
based on infinite bandwidth for the core amplifier, and as a
result, the noise generated by it does not experience any roll
off at higher frequencies. Assuming a more realistic model for
the core amplifier with single pole (which in our case is
located at the drain of M2) leads to more complicated third
order transfer functions for H; (s) and H,(s). This pole rolls
off the noise generated from both feedback resistor and
amplifier itself. The effect of this pole on H,(s) and H,(s) is
shown in Fig. 7. From this figure, one may conclude that for
a better noise performance a lower pole frequency would be
advantageous. This is true but considering the frequency
response of the whole trans-impedance amplifier channel, for
having a maximally flat frequency response, the frequency of
this pole should be at least two times the open-loop unity gain
bandwidth of the front-end ([12], [16]). Furthermore, walk
error related considerations for this front-end, which needs to
be fast enough at large input pulse amplitudes to recover from
saturation, does not allow the pole to be too close to the
mentioned limit. Choosing smaller R; is in line with these
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Fig. 7. Effect of the band limited core amplifier on the noise
performance of the TIA.

demands. In addition, multiple roll offs will occur for high
frequency noise as it passes through band-limited post
amplifiers.

The proposed nonlinear feedback path preserves the
damping resistance seen at the input of the TIA at large inputs
and hence extends the DR of the receiver. The added
transistors MNF and MPF are turned off for the small input
currents. Therefore, they have no effect on the noise
performance of the front-end. As the voltage drop across the
feedback resistor increases, the transistors gradually turn on
and steer the extra current from VDD to the input node (MNF)
or from the input node to the ground (MPF). Without these
two transistors, the output signal of the TIA would tend to
oscillate at large inputs due to lack of sufficient damping [12].

VI. MEASUREMENT RESULTS

The proposed technique was used to design a TOF receiver
channel in a 0.35 pm standard CMOS technology. The die
microphotograph of the TIA front-end is shown in Fig. 8. The
values of Rg, L, g1 and R; are 5 KQ, 250 nH, 26 ms, and
860 Q, respectively (based on simulation). The total input
capacitance based on measurements is ~4 pF. The front-end
draws ~9 mA current from a single 3.3 V supply voltage. The
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Fig. 8. The microphotograph of the fabricated TIA front-end.



total measured AC trans-impedance gain at the output of
analog buffer is ~122 dB(), and the measured bandwidth is
about 200 MHz (The output signal of the TIA is measured
after it is further amplified by several gain stages). Fig. 9
shows the time domain analog output for an electrical input
excitation. As can be seen, the unipolar input current pulse is
perfectly converted to an amplified bipolar voltage through
the channel. The total measured noise at the output of the
analog buffer is 70 mV, or ~60 nA RMS when referred to the
input. The measured output noise is shown in Fig. 10, where
the FFT of the noise is also shown. A brief comparison
between the proposed technique and state-of-the-art solutions
is presented in Table I.

VII. CONCLUSION

In this paper, the noise performance of the previously
proposed pulse-shaping based TIA front-end has been
analyzed and various compromises on different parameters of
the front-end have been discussed. It has been shown that this
technique filters out the noise of the feedback resistor in both
low and high frequency regions. Furthermore, to achieve the
best possible noise performance, the values of Ry and g,,;
(trans-conductance of the input transistor) should be high and
R; (the load resistance of the core amplifier input stage)
should be low, taking into account the bandwidth demands
too. The noise related measurements of the front-end have
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Fig. 9. The measured output from analog buffer for an electrical
input excitation. The rise time of the input pulse is ~1.5 ns.
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Fig. 10. The measured output noise along with its FFT.

TABLE I. SUMMARY OF MEASURED PARAMETERS AND COMPARISON WITH
RECENTLY REPORTED FRONT-ENDS.

Specification This work [2] [18]
0.35pm 0.35pm 0.35pm
Process standard standard standard
CMOS CMOS CMOS
Supply voltage
V) 33 33 33
Power
consumption of
the front-end 30 NA NA
(mW)
Measured
Bandwidth 200 230 140
(MHz)
Trans-
impedance gain 122 NA NA
(dBQ)
Input referred
noise current 60 100 19
(nA)
Technique used TIA pulse differential Capacitor TIA
in the front-end shaping TIA (C-TIA)

also been presented. The designed front-end holds an RMS
input referred noise of ~60 nA. The whole receiver channel
was designed and fabricated in a 0.35 um standard CMOS
process to be used in a wide DR TOF range finding system.
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