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Abstract

This thesis describes the development of integrated structures and circuit implementations for the
receiver channel of portable pulsed time-of-flight laser rangefinders for industrial measurement
applications where the measurement range is from ~ 1 m to ~ 100 m to noncooperative targets and
the required measurement accuracy is from a few mil limetres to a few centimetres. The receiver
channel is used to convert the current pulse from a photodetector to a voltage pulse, amplify it,
discriminate the timing point and produce an accurately timed logic-level pulse for a time-to-digital
converter.

Since the length of the laser pulse, typically 5 ns, is large compared to the required accuracy, a
specific point in the pulses has to be discriminated. The amplitude of the input pulses varies widely
asa function of measurement rangeand the reflectivity of the target, typically from 1 to 100 ... 1000,
so that the gain of theamplifier channel needs to becontrolled and thediscrimination scheme should
be insensitive to the amplitude variation of the input signal. Furthermore, the amplifier channel
should have low noise in order to minimize timing jitter.

Alternative circuit structures are discussed, the treatment concentrating on the preamplifier, gain
control circuitry and timing discriminator, which are the key circuit blocks from the performance
point of view. New circuit techniques and structures, such as a fully differential transimpedance
preampli fier and a current mode gain control scheme, have been developed. Several circuit
implementations for different applications are presented together with experimental results, one of
them being a differential BiCMOS receiver channel with a bandwidth of 170 MHz, input referred
noise of 6 pA/ and maximum transimpedance of 260 kΩ. It has an accuracy of about +/- 7 mm
(averageof 10000 measurements), taking into account walk error with an input signal rangeof 1:624
and jitter (3σ).

Theachievableperformancelevel using integrated circuit technology iscomparableor superior to
that of the previously developed commercially available discrete component implementations, and
the significantly reduced size and power consumption open up new application areas.

Keywords: laser rangefinding, transimpedance preampli fier, gain control, timing
discrimination
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List of terms, symbols and abbreviations

The following definitions for the various terms describing the performance of measurem
equipment are given in the IEEE Standard Dictionary (IEEE 1984).

•Accuracy is the degree of correctness with which a measured value agrees with th
value.

•Drift is the gradual change in the output over a period of time due to change or agin
circuit components, all other variables being held constant.

•Precision is the quality of coherence or repeatability of measurement data, custom
expressed in terms of the standard deviation of an extended set of measurement r

A/D = analog-to-digital
AMS = AustrianM ikro Systeme
BiCMOS = bipolar-CMOS, semiconductor process containing both bipolar (usua

only high quality npn) and both types of MOS-transistors
BW = bandwidth
CLCC = ceramicleaded (orleadless)chip carrier
CMOS = complementaryMOS, semiconductor process containing both types

MOS-transistors
D/A = digital-to-analog
ECL = emitter coupledlogic, logic circuit family
Euro1 = standardized printed circuit board size, 100 mm x 160 mm
FWHM = full width athalf maximum
GBW = gain-bandwidth product
IEEE = I nstitute ofElectrical andElectronicsEngineers, Inc.
I/O = input/output
MOS = metal-oxide-semiconductor
MSM = metal-semiconductor-metal
NMOS = n-channelMOS
PCB = printedcircuit board
PMOS = p-channelMOS
PSD = position-sensitive photodetector
PSRR = powersupply rejectionr atio
PTAT = proportionalto absolutetemperature



ng
RC = r esistor-capacitor
RF = r adio frequency
SNR = signal tonoiseratio, here often peak signal voltage to rms noise ratio
TDC = time-to-digital converter
TOF = time-of-flight

A = voltage gain
A0 = low frequency voltage gain of the core amplifier
Au = voltage gain of the core amplifier
B = constant depending on the structure, bandwidth etc. of a comparator
c = speed of light, ~ 3x108 m/s
Cbe = base-to-emitter capacitance
Cbc = base-to-collector capacitance
Cgs = gate-to-source capacitance
Cgd = gate-to-drain capacitance
Cd = diode capacitance
Cp = parasitic capacitance in the input node
CT = total capacitance in the input node
F(M) = excess noise factor
f = frequency
fh1,fh2 = bandwidth of the preamplifier
fp1,fp2 = poles of the core amplifier
gm = transconductance
h(t) = combined impulse response for the amplifier channel and timi

discriminator
h1(t) = impulse response of the amplifier channel
h2(t) = impulse response of the timing discriminator
i in(t) = input pulse
ini = input referred noise current
inR = noise current of the feedback resistor
inT = input referred noise current of the core amplifier
isignal = input current signal
isignalmin = minimum input current signal
M = avalanche gain
N = number of measurements
Prec(R) = received optical power as a function of the measurement range
PT = output power of the laser diode
q = electronic charge, ~ 1.6x10-19 C
Q = quality factor
r = radius of the receiver lens
R = measurement range
R0 = responsivity of the photodetector
Rfb = feedback resistor
Rl = load resistor
tdcomp = delay of a comparator
tdmin = fixed part of the delay of a comparator



tf = fall time, from 90 % to 10 %
tdoffset = change in the timing point caused by the offset voltage Voffset
tp = timing point
tr = rise time, from 10 % to 90 %
Ts = shift in time
tw = pulse width, from 50 % to 50 %
unT = input-referred noise voltage of the core amplifier
Voffset = offset voltage
vp = peak amplitude of a pulse
Vth = threshold voltage (e.g. in a timing discriminator)
Z = transimpedance gain
Zcl = closed loop transimpedance
Zol = open loop transimpedance

β = feedback factor
ε = reflectivity of the target
θ = angle
λ = mean flow rate of electrons in the input of the receiver channel
σt = standard deviation of the timing point
σv = noise power
τT = transmission of the transmitter optics
τR = transmission of the receiver optics
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1. Introduction

1.1. Aim and scope of this work

The aim of this work was to develop integrated electronics for the receiver channel
portable pulsed time-of-flight (TOF) laser rangefinder for industrial measurem
applications where the measurement range is from ~ 1 m to ~ 100 m to noncooper
targets and the required measurement accuracy is from a few millimeters to a
centimeters. The receiver channel converts the current pulse from a photodetecto
voltage pulse, amplifies it, discriminates the timing point and produces an accurately ti
logic level pulse for a time-to-digital converter. The structure of the receiver chan
consisting of an amplifier channel, gain control circuitry, amplitude measurement, tim
discriminator etc., along with experimental results from several implementations,
presented in this thesis.

New circuit techniques and structures, such as a fully differential transimpeda
preamplifier and a current mode gain control scheme, are developed here. The elec
gain control structures enable the elimination of awkward optical ones in so
applications, which along with the small size and power consumption achieved by the
of integrated technology, considerably simplifies the rangefinding devices. Furthermo
will be shown that the achievable performance level using integrated circuit technolog
comparable or superior to that of commercially available discrete compon
implementations described by Määttä (1995).

Laser radars have been a topic of extensive research at the Electronics Laboratory
University of Oulu for two decades (Ahola 1979). A commercially available distan
measurement device based on that work, shown in Fig. 1 a), achieves a centimeter
measurement accuracy over a wide temperature range (Määttä 1995). The use of sta
commercial linear and ECL components results in a large area and a high po
consumption, however, the receiver channel and time-to-digital converter (TDC) a
taking up 2 - 3 Euro1-size printed circuit boards (PCB) and consuming in excess of 10
Furthermore, the assembly and component costs make these measuring instru
expensive, which restricts their use to demanding industrial applications.

The long-term aim of our work is to implement the whole measurement device wi
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minimum number of components, such as two or three CMOS or BiCMOS full-cust
integrated circuits, internal or external photodetectors, a laser diode, a few pa
components and a microcontroller. The integrated circuits should be implemented u
standard processes to keep the development and manufacturing costs down. A pro
receiver PCB based on a receiver circuit designed in this work (Chapter 5.1.4) an
integrated TDC circuit (Räisänen-Ruotsalainen 1998, Räisänen-Ruotsalainenet al.1998b)
is shown in Fig. 1 b). The significantly reduced power consumption, size and cost ope
new application areas in consumer products, for example. Moreover, the small size pe
the integration of an array of photodetectors, receiver channels and TDCs workin
parallel on one chip. This may enable construction of new kinds of three-dimensi
object recognition and machine vision systems without complicated mechanical scan
structures.

Integration of the receiver electronics gives several advantages in addition to red
size. As signals are mostly processed and transmitted between subsystems ins
integrated circuit, the power consumption, disturbances and timing errors associated
the input/output (I/O) buffering, circuit packages and wiring on a PCB are reduc
Furthermore, more complicated functions, such as amplitude measurement,
measurement, automatic adaptation of the detection threshold and temporal mask
signals, can be incorporated in the receiver channel without appreciably increasing the
or complexity of the system. All this helps to improve the performance and versatility
the measurement devices.

The integration of the receiver channel introduces its own special problems, howe
As the receiver channel contains several specialized subsystems with dema
specifications, such as low-noise wideband amplifiers, gain control circuitry with sta
delay, accurate timing discriminators, amplitude and noise measurement circuits, sta

Fig. 1. a) A commercially available pulsed time-of-flight laser rangefinder based on the use of
discrete components. b) A prototype receiver PCB based on an integrated receiver
channel and TDC.

a) b)
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components from manufacturers’ cell libraries can seldom be used. Instead, most o
circuit blocks have to be full-custom designed, which is time consuming. Furtherm
many components used in discrete implementations, such as accurate passive comp
or delay lines, are not available, so that alternative circuit techniques must be develope
used. Packaging of the receiver channel entails problems as well. The integrated circ
fabricated on a semiconducting substrate, and the interactions of the various blocks o
common substrate are difficult to model accurately. Furthermore, these interactions de
greatly on the package and PCB parasitics, such as capacitances and wire induct
which may be difficult to estimate accurately beforehand. Therefore extensive simula
and usually several design iterations are needed when developing specialized
performance analog integrated circuits.

1.2. Principle of a TOF laser rangefinder and its applications

The principle and block diagram of a pulsed time-of-flight laser radar is shown in Fig. 2
short laser pulse, with a half value width of 5 ns, for example, is generated and transm
to an optically visible target. A small part of the outgoing light pulse, the reference sig
in Fig. 2, is taken directly to a photodetector, where it is converted to an electrical pu
The electrical pulse is then amplified and an accurately timed logic-level pulse, the
pulse, is generated for a time interval measurement unit. In the same way a logic-leve
pulse is generated from the light pulse which is reflected from the target. The time betw
the start and stop pulses is measured and converted to a distance result. Due to the e
speed of light, ~ 300 000 000 m/s, the time intervals to be measured are very short an
required timing accuracy and stability are very high, as ~ 7 ps in time corresponds to 1
in distance.

Laser radars can be used in many industrial measurement applications. Due to
non-contact nature, they are particularly suitable for measuring the profiles and dimen

Fig. 2. Principle and block diagram of the pulsed time-of-flight laser rangefinder.

pulsed laser
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start
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of large objects e.g. in shipyards (Kaistoet al.1990, Kaistoet al. 1993), as shown in Fig.
3 a), or hot objects for example in steelworks (Määttäet al.1993, Araki & Yoshida 1996),
as shown in Fig. 3 b). As light pulses can be readily conveyed over long distances in op
fibers, the electronics parts can be located far away from the place where the measur
is made, and thus laser radars can be used to measure the level of flammable fluids in
tanks, e.g. in oil refineries or harbors (Määttä & Kostamovaara 1997). Thanks to the g
focusability of the laser beam, the measurement can be made selective, which is use
lidar systems for automotive speed detection, for example (Samuelset al. 1992, Leti
product information). Three dimensional machine vision can be implemented usin
scanning system or matrix of detectors, the advantage being that there is no unambigu
the result. Scanning laser radars can also be used in automotive cruise control sy
(Automotive Engineering 1997) or automatic warning and protection systems
hazardous areas (SICK product information), e.g. around unattended heavy machine

1.3. Contents of this work

The organization of this thesis is as follows. Chapter 2 presents the structure, operatio
requirements of the receiver channel of the pulsed time-of-flight laser radar in more d
The main sources of error and ways to reduce them are also discussed. The am
channel of the receiver is discussed in Chapter 3, concentrating on the preamplifier and
control circuitry, which are the key circuit blocks from the performance point of vie
Alternative structures and their main features are considered. In addition, measurem
the amplitude of short pulses is discussed briefly. Chapter 4 presents alternative me

Fig. 3. Laser rangefinders used a) in a shipyard to measure the dimensions of a large ship
block and b) in a steelworks to measure the profile of a hot object.

a) b)
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for timing discrimination and discusses the structure of the timing comparator and its d
stability. The Chapter ends with a short treatment of interference issues which
ultimately limit the achievable accuracy. Chapter 5 contains short descriptions of se
circuit implementations together with experimental results. More details can be foun
the original papers at the end of the thesis. The results of the work are discussed in Ch
6, and finally a summary of the work is given in Chapter 7.
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2. The receiver channel of a pulsed time-of-flight laser radar

2.1. Structure and operation of the receiver channel

The structure of the receiver channel for a pulsed time-of-flight laser rangefinder as
in this work is shown in Fig. 4. It consists of two identical channels, one for the start pu
and the other for the stop pulse, preferably on the same chip so as to minimize errors c
by delay variations due to changes in temperature, supply voltage and process param
The incoming light pulse is converted to a current pulse in a photodetector, which is e
a PIN or avalanche photodiode (APD). As this current pulse is too weak to be proce
directly, it is first converted to a voltage pulse in a low-noise transimpedance preamp
and then amplified in a voltage-type postamplifier.

As the length of the laser pulses which can be readily generated using semicond
lasers and handled using standard silicon technology is large compared to the inte
centimetre/millimetre-level distance measurement accuracy, it is necessary to discrim

Fig. 4. Block diagram of the receiver channel of a pulsed time-of-flight laser rangefinder.
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a specific point of each analog timing pulse, such as the peak. Finally, the tim
comparator generates a logic-level timing pulse for the TDC.

The level of the reference signal is relatively constant, whereas the level of the si
reflected from the target varies widely as a function of the measurement range, reflec
and angle of the target etc. This problem can be addressed in several ways. One wa
amplify the signal in an amplifier channel with a fixed gain and discriminate the tim
point with a leading edge discriminator having a constant threshold voltage, as show
Fig. 5 b). Another way is to process it in a strictly linear manner with a variable g
amplifier channel followed by an amplitude-insensitive timing discriminator, as shown
Fig. 5 c).

In the former scheme only the leading edge of the pulse is used, so that distortio
clipping of large pulses does not affect the timing discrimination. However, any chang
the signal amplitude directly affects the timing point, which causes signal-dependent e
In the latter scheme, where the timing point is detected near the top of the pulse or
trailing edge, or at least some information on the amplitude of the pulse is used
amplifier channel must always remain in the linear region. This scheme is more difficu
implement and often requires gain control circuitry with stable delay and bandwidth.
gain should be controlled as late in the amplifier channel as possible to minim
degradation of the SNR, but before any distortion occurs, so that several gain control b
in different places may be needed.

The choice of discrimination scheme depends on the application and the req
accuracy. The scheme based on an amplitude-insensitive timing discriminator o
provides the best accuracy, but if the dynamic range of the input signal is excessively
or if there is not enough time to use gain control circuitry to keep the amplifier chan
linear, leading edge timing discrimination may be the best solution.

Fig. 5. Pulse shapes in different timing discrimination schemes, a) input signal with
amplitude varying in a range from 1 to 10, b) amplifier channel with fixed gain
followed by a leading edge discriminator with a constant threshold voltage and c)
amplifier channel with variable gain followed by an amplitude insensitive timing
discriminator.
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timing
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timing
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The primary parameters and features of the receiver channel from the performance
of view are the delay stability, noise and input dynamic range of the preamplifier,
bandwidth of the whole amplifier channel and the scheme used in timing discriminat
Other important factors affecting the feasibility and cost of the system are area, po
consumption, supply voltage, and the technology and process used in the implement
such as silicon, silicon-germanium, gallium-arsenide, CMOS, BiCMOS, HEMT, HBT e
Issues affecting the accuracy are considered in more detail in the following sections.
the main sources of error are identified and then the requirements and specifications f
receiver channel are considered.

2.2. Main sources of error

The main factors limiting the accuracy of the receiver channel of a pulsed TOF laser r
are amplitude variation in the input signal, which causes systematic error, and noise, w
causes random errors. Temperature and supply voltage variation will also cause syste
errors, and electrical disturbances may cause both random and systematic errors
systematic errors can be minimized by continuously calibrating the measurem
equipment, and the remaining random errors can be reduced by averaging.

2.2.1. Amplitude variation

Amplitude variation in the input signal causes systematic error in the measurement re
known as walk error or time slewing. The timing point usually moves earlier w
increasing pulse amplitude. This error originates from distortion in the amplifiers, nonid
gain control, crosstalk, an amplitude-sensitive timing discrimination scheme and d
variation in the timing comparator with the rate of change and overdrive of the input sig
The dominant sources of error are usually the amplitude sensitivity of the discrimina
scheme and timing comparator.

An example of walk error caused by the discrimination scheme is shown in Fig. 5
where the timing points of two pulses with different amplitudes are marked. This walk e
can be partly compensated for by means of correction tables, provided the shape
pulses does not vary too much and provided the amplitude of the signal can be mea
accurately. Walk error caused by fast pulse-to-pulse amplitude variation may appe
jitter if the amplitude of each pulse cannot be measured accurately enough. Several t
discrimination schemes have been developed to avoid time slewing, and these are disc
in more detail in Chapter 4.1. These are referred to here in short as linear tim
discrimination schemes, because they are often based on linear operations.

Even if the timing discrimination scheme itself is not sensitive to amplitude variati
the delay of the timing comparator will vary with the amplitude of the input signal,
shown in Fig. 6, increasing with decreasing input signal rate of change and overdriv
that it is longest when the amplitude is low. This error can be minimized by maximizing
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2.2.2. Noise

The pulses in a laser radar are corrupted by noise in the transmitter, in the flight
through the air (turbulence, dust particles etc.), in the target (an inhomogeneous
irregularly reflecting surface), in the receiver (noise from the detector and electronics)
in the time interval measurement unit, the dominant noise source often being the elect
noise of the receiver channel. Noise superimposed on the signal causes random var
jitter, in the timing result, and therefore limits the precision of the measurement
illustrated in Fig. 7.

Fig. 6. Delay variation in a practical comparator as function of the rate of change in the input
signal, which is directly proportional to the amplitude.
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Fig. 7. Analog timing pulses at the output of the amplifier channel, SNR ~ 10 (25 simulated
pulses superimposed).
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The timing jitter can be approximated with the ‘triangular rule’ (Bertolini 1968)

, (1)

whereσt is the standard deviation of the timing point,σv(t) is the instantaneous noise powe
at the timing point andv(t) is the input signal at the input to the timing comparator. Th
noise power is composed of the noise of the electronics and the noise of the signal
The former can be calculated by standard circuit analysis techniques and the latter
Campbell’s theorem with (Rehak 1983, Athanasios & Papoulis 1984)

, (2)

whereλ(t) is the mean flow rate of electrons in the input to the receiver channel,h(t) is the
combined impulse response for the amplifier channel and timing discriminator andq is the
electronic charge.

If the variation is truly random, precision can be improved by averaging over sev
measurements, the precision in asynchronous measurement being inversely proportio
the square root of the number of samples (Hewlett-Packard AN. 162-1)

, (3)

where σtN is the standard deviation in the timing point when averaging over
measurements.

The noise and its effect can be reduced by careful design of the preamplifier, whic
often the dominant noise source when the signal is weak (see Fig. 12), optimization o
transfer function of the amplifier channel and the proper choice of timing discriminat
scheme.

Noise can also cause a systematic change in the timing point as a function of s
amplitude, i.e. walk error. As the amplitude of the signal changes, so does its rate of ch
at the timing point. When the rate of change of the signal in the input to the tim
comparator is high, the mean value of the timing points is not greatly affected by noise
the distribution of the timing points follows that of the noise (the two main noise source
higher frequencies are thermal and shot noises, which have a Gaussian distribu
However, as the amplitude, and therefore also the rate of change of the signal is red
the timing discriminator tends to fire slightly earlier, i.e. the mean value moves ear
which appears as walk error. Moreover, the distribution becomes distorted, i.e.
narrower and skewed (Fleischer 1994).

The effect of walk error and jitter on the timing point is illustrated in Fig. 8. The timin
point lies within the area bounded by the dashed lines. The variation in the mean value
signal amplitude is caused by walk error, whereas the funnel-shaped area around

σt
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t tp=
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2.2.3. Drift and disturbances

Temperature and supply voltage variations affect the bandwidth and delay of the ampl
and comparators, which results in systematic errors, drift. Temperature drift is ma
caused by the temperature dependence of the transconductance of the transistors a
resistivity of the resistor materials. The drift with supply voltage is caused by the nonlin
junction capacitances of transistors and resistors. Changes in the supply voltage affe
operating point voltages, so that the capacitances in the circuit nodes limiting the bandw
also change. These errors can be minimized by making the start and stop channels ide
and integrating them on the same chip. This way only the mismatch of the drifts of
channels causes errors. The residual errors can partly be compensated for by measur
ambient temperature and supply voltage and using correction tables.

Disturbances and cross-talk, and hence time jitter, can be reduced by using
differential structures (Rein 1990). Differential circuits, both logic and analog blocks,
often based on differential pairs in which a constant current is steered from one bran
another. This produces less disturbances in the power supplies, substrate etc
single-ended structures such as common source/emitter stages. Furthermore, the op
of differential structures is less affected by these disturbances, as they are picked of
common mode signal. An added advantage of differentiality is that it improves linea
(even order harmonics are reduced), which in turn reduces the variation in the timing p
of the pulses as a function of amplitude.

Fig. 8. Effect of jitter and walk error on the timing point.
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2.3. Requirements and specifications

The goal of this work is to develop circuit techniques for portable measurement dev
with a centimetre/millimetre-level accuracy and a measurement range from ~ 1 m
~ 100 m to noncooperative targets. The portability requirement places restrictions o
size and weight of the optics and battery, which in turn affects the design of the electro

2.3.1. Bandwidth

If the rate of change of the pulses at the input to the timing comparator is limited by
bandwidth of the amplifier channel and timing discriminator, the single shot precis
given by (1) can be approximated in edge detection by (Kostamovaaraet al.1992)

, (4)

wherec is the speed of light,BWis the bandwidth andSNRis the peak signal voltage to rms
noise ratio. In practise, a minimum SNR of about 10 is required to keep the number of
detections caused by noise acceptable (Määttäet al. 1993).

According to (4), a single shot precision of 1 mm requires a bandwidth of ~5 G
which corresponds to a rise time of ~70 ps. The generation of laser pulses with sufficie
fast edges and the implementation of an integrated receiver channel with such a
bandwidth requires special techniques and processes, as documented in Vainst
Kostamovaara (1998), Vainsteinet al. (1998) and in Paper VI, respectively.

An example of a laser pulse which can be generated using a semiconductor laser
(EG&G PGAS3S06) with a high enough power using more conventional technique
shown in Fig. 9. The rise timetr is seen to be ~3 ns and the half-value widthtw ~6 ns. With
pulses of this kind the required precision can be achieved by performing sev
measurements and calculating the average, whereupon the precision improves as g
(3). The bandwidth of the receiver channel needed to preserve the edges ca
approximated by (Ziemer & Tranter 1985)

. (5)

In equation (5) the value 0.35 applies for a first order system and 0.44 for an ideal low
filter, so that a value somewhere between them is appropriate in a practical system.
the pulse shown in Fig. 9, equation (5) gives a bandwidth of ~115 - 145 MHz. T
bandwidth should not be designed to be any larger than needed to prevent the noise
deteriorating the precision. If the bandwidth is increased above the optimum, n
increases faster than the rate of change of the signal. The optimal bandwidth, taking
account the characteristics of the noise spectrum, can be obtained with simulations.
example, the bandwidth was 100 MHz, which is much easier to achieve than 5 GH
precision of 1 mm would require ~2750 measurements. This would take about a quar

σR
0,35 c⋅

2 BW SNR⋅ ⋅
--------------------------------≈

BW
0,35

tr
---------- ...

0,44
tr

----------≈
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2.3.2. Noise

The maximum measurement range is limited by noise. The received optical powerPrec(R)
as a function of the measurement rangeR can be estimated with the radar equation (th
target area is assumed to be larger than the beam)

, (6)

wherePT is the output power of the laser diode,τT and τR are the transmissions of the
transmitter and receiver optics,ε is the reflectivity of the target andr is the radius of the
receiver lens. This optical power gives rise to a signal currentisignal(R)

, (7)

whereR0 is the responsivity of the photodetector.
Using values appropriate for our application,PT = 30 W (laser diode with 3 stripes),

τT = 0.85,τR = 0.6 (filter included),ε = 0.1 - 1,r = 1 cm (reasonable in a portable device
R0 = 50 A/W (avalanche photodiode), andR = 100 m, the radar equation gives a minimum
input current signalisignalminof ~ 0.8µA. Since in practise a minimum SNR of about 10 i
required for reliable detection, the input-referred noise of the receiver channel shou
less than 80 nA. If the bandwidth of the receiver channel is 100 MHz, for example,
corresponds to an input referred noise current density of 8 pA/ .

2.3.3. Transimpedance gain and gain control

The weak input current pulse from the photodetector has to be amplified to a level w
is suitable for timing discrimination and amplitude measurement. In practise, the tim

Fig. 9. A laser pulse used in rangefinding applications (laser diode EG&G PGAS3S06 pulsed
with a ZTX 415 avalanche transistor).
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comparator and peak detector require an input signal of the order of 100 mV or more.
smaller pulses the delay of the comparator increases rapidly and the accuracy of the
detector starts to deteriorate. If the minimum input signal is ~ 0.8µA, the total
transimpedance gain of the amplifier channel should be at least 100 kΩ. The gain should
be kept to the minimum required, however, because crosstalk between stages may
stability problems.

According to (6), the received optical power, and therefore also the amplitude of
current pulse from the photodetector, varies so as to be inversely proportional to the s
of the distance. Thus if the measurement range varies from 1 m to 100 m, the amplitu
the signal current varies in a range from 1 to 10000. Furthermore, the reflectivity of na
targets can vary in a range from 0.1 to 1, or even more. All in all, the amplitude of the si
may vary in a range from 1 to 100000 or more. With suitably designed optics the varia
can be reduced significantly, so that, depending on the application, the signal may va
a range from 1 to 100 ... 10000.

This variation is a problem if a linear timing discrimination scheme is used. In prac
these can handle an input signal variation from 1 to 10 ... 100, so that the transimped
gain of the amplifier channel control needs to be controlled by at least 40 dB. The
control circuitry should have a stable delay and the shape of the analog pulses shou
be affected. Electronic gain control integrated within the receiver channel is preferable
optical gain control from the point of view of space and power consumption.

2.3.4. Power consumption

The power consumption of a portable device has to be minimized in order to achieve a
enough operating time and to keep the size and weight of the battery reasonable
capacity of a battery of a portable phone or video camera, for example, is of the ord
1000 mAh (3 - 6 V), so that the average current consumption should not exceed a few
of milliamperes.

However, low noise and high speed operation in analog signal processing often re
high bias currents. In pulsed time-of-flight laser rangefinding the most effective way
save power without compromising accuracy is to power down the electronics betw
measurements. With a pulsing frequency of 10 kHz and a measurement range of 100
example, the duty cycle is less than 1 %.

2.4. Other methods used in electronic distance measurement

Electronic distance measurement equipment can use either ultrasound or electroma
waves, usually microwaves or light, as the probe. Due to the moderate speed of s
~ 331 m/s under normal conditions (CRC 1993), the electronics used in ultraso
techniques are less demanding, but the accuracy is limited by the significant depende
the speed of sound on temperature, relative humidity and atmospheric pressure. In co
the speed of electromagnetic waves is almost constant in air, so that much better acc
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can be achieved. Furthermore, the better focusability of electromagnetic waves, espe
light waves, enables more selective measurement, and the lower attenuation in air pe
longer measurement ranges. Due to the extreme speed of light, however, rather inv
circuit techniques are often required.

Modulated or unmodulated, continuous or pulsed light sources can be used in
rangefinding techniques, and the measurement is based on detecting frequency, phas
interval, or position and angle. A few alternative methods will be reviewed briefly belo

In the ‘chirp-technique’ the target is illuminated with continuous amplitude-modula
light, the modulation frequency of which is swept linearly with time. The light reflect
from the target is converted to an electrical signal and mixed with the transmitted
resulting in a frequency proportional to the distance. In another technique, the modul
frequency is constant and the phase difference between the transmitted and received
is measured (Scott 1990). At least two modulation frequencies must be used to obta
unambiguous result. In interferometric measurements, coherent unmodulated light is
The distance traveled by the target or the measuring equipment can be calculated
accurately by measuring the numbers of interference minima and maxima (Rüeger 1
The self-mixing effect inside a laser diode can also be exploited in rangefinding by u
the same laser diode as the transmitter and the receiver at the same time. The la
modulated with a slow triangular wave, which modulates the optical frequency of
transmitted light. The received light from the target causes marked variations in the op
output power, the beat frequency being proportional to the distance from the target (B
et al.1996).

Position sensing techniques combined with triangulation can also be used. The
reflected from the target can be detected with a matrix of photodetectors (Grusset al.1991)
or an analog PSD (Lindholm & Edwards 1991), and the distance can be calculated from
direction of the transmitted beam of light and the position of the received spot on
detector. Video systems using several stationary cameras or one moving one can be u
obtain multiple views of the object, from which the distance can be calculated (Heik
1997). In these video systems the target can be illuminated with normal white light.

Several techniques involving pulsed light are also used. In the ‘sing-around’ techn
(Acuity Research 1995) a single pulse is sent to the target and the reflected pulse is rec
and used to trigger the transmitter, which immediately sends a new pulse. Thus the dis
can be calculated from the pulsing frequency. In the time-of-flight technique, as used in
work, the flight time of a single short laser pulse travelling to the target and bac
measured.

The spread spectrum techniques used in modern telecommunications systems c
applied to range measurement as well. A specially designed pulse train having
autocorrelation properties, producing a single peak and low sidelobes, is sent to the
and the received signal is analyzed in a matched filter or correlator, which extracts
sequence and its timing from the noisy signal. The longer the sequence is, the lowe
required SNR. In practise the SNR can be much less than 0 dB. (Dixon 1994)

Each technique has its pros and cons. A distinct advantage of the pulsed time-of-
technique is that a single measurement can be made in a very short time, which is imp
in scanning safeguard systems or proximity detectors, for example (Automo
Engineering 1997). Also, the peak power of the pulses can be made much higher tha
average power of a continuous wave without exceeding the limitations dictated by



30

ese
have
the
er is

h is
flight
o that
safety, which is advantageous in noisy environments (Araki & Yoshida 1996). Th
powerful laser pulses can be generated with pulsed semiconductor laser diodes, which
a maximum obtainable output power two to three orders of magnitude higher than
power obtainable from continuous wave laser diodes. The advantage of high peak pow
partly negated by the requirement of good SNR, in practice better than ~ 10, whic
needed for reliable measurement. The time intervals to be measured in the time-of-
technique are very short and the required accuracy is of the order of picoseconds, s
very fast and stable electronic and optoelectronic structures are needed.
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3. The amplifier channel

The amplifier channel is used to match the current mode signal source with a capa
output impedance to the voltage mode timing discriminator and to amplify the weak in
signal to a level which is adequate for the timing comparator.

3.1. Transfer function

From the precision point of view it is important to minimize the timing jitter by optimizin
the ratio of the rate of change in the pulse to the noise in the input to the timing compa
at the detection threshold, as given in (1). The optimum transfer function for the ampl
channel and timing discriminator depends on the shape and width of the input pulse
properties of the dominant noise source, the feature of the rangefinder which needs
optimized etc. Two cases can be recognized, according to whether or not the noise
depends on the signal level (this dependence is discussed in more detail in Section 3

3.1.1. With signal independent dominant noise

If the dominant noise does not depend on the signal level, as is often the case when
PIN photodiodes (see Fig. 12), the optimum impulse response for the amplifier channe
timing discriminator from the precision point of view is a derivative of the impul
response of a matched filter, i.e. (Rehak 1983, Loinaz & Wooley 1995)

, (8)

wherei in(t) is the input pulse andTs is a shift in time. If the noise spectrum in the input i
not white, as is often the case, a noise whitening filter should be used (Rehak 1983
i in(t) should be convolved with the impulse response of this filter before using (8).

h t( )
td

d i in Ts t–( )=



32

and
an be
n the
wn in
the
by

ulse
y

ize

(8)
ions,
n Fig.
imple
duce
ency
time,
tuning
SNR

(9)
The maximum measurement range is limited partly by the deterioration in precision
partly by the increase in the number of false detections caused by noise. The latter c
reduced by using an arming/noise comparator to enable the timing comparator whe
amplitude and width, i.e. energy, of the pulse is higher than a preset threshold, as sho
Fig. 10. The probability of false detections can be further reduced by maximizing
signal-to-noise ratio in the input of the arming comparator. This can be achieved
matching the impulse response of the amplifier channel to the pulse, i.e. the imp
response of the amplifier channelh1(t) should be that of a matched filter as given b
(Haykin 1983, Rehak 1983, Arbel 1990)

. (9)

A noise whitening filter is again needed if the noise is not white (Arbel 1990). To optim
the timing precision at the same time, the impulse function of the timing discriminatorh2(t)
should be designed so that the convolution ofh1(t) andh2(t) equalsh(t) as given by (8).

In practise it may be difficult, or even impossible, to achieve the transfer functions
or (9) accurately. For instance, for a typical laser pulse used in rangefinding applicat
as shown in Fig. 9, the frequency response of the receiver channel given by (8) is as i
11. The rising and falling edges of the amplitude response can be approximated with s
passive RC sections, but the notches at high frequencies are too difficult to pro
accurately. Furthermore, the shape and width of the input pulses and the frequ
response of the receiver channel may change with the properties of the target,
temperature, supply voltage, process parameters etc., so that complicated real-time
may be needed. Fortunately, a simple lowpass filter in pulsed applications may yield a
quite close to the optimum achieved by the more complicated matched filter given by

h1 t( ) i in Ts t–( )=

Fig. 10. Block diagram of the receiver channel showing the structure of the timing
discriminator.
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(Arbel 1980).

3.1.2. With signal dependent dominant noise

If the dominant noise level depends on the signal level, as is often the case when an
is used and the signal is large (see Fig. 12), optimization of the transfer function o
amplifier channel and the choice of discrimination scheme is not so straightforward.
optimum depends on the characteristics and magnitude of the pulse and the noise so

If the input signal has a fast leading edge, for example, a leading edge discriminator
a proper threshold may be optimal (Gatti & Svelto 1966). In this case it is important for
fast edges of the input pulse to be preserved in the amplifier channel and for the output
to be minimized at the same time. Thus the bandwidth of the amplifier channel shoul
limited to the minimum value which is needed to pass the input pulse unimpaired.
required bandwidth can be approximated using (5). The frequency response ca
optimized with Monte Carlo simulations, taking into account the shape of the no
spectrum and the dependence of the noise level on the signal amplitude. In pra
interferences and disturbances may affect the optimal bandwidth (Simpson & Pa
1998).

3.2. The photodetector

The optical input signal is converted to an electrical one by a photodetector, which in
applications is usually a reverse-biased APD or PIN photodiode. Owing to the avala
multiplication of the current carriers, the responsivity of an APD may be two orders
magnitude or so higher than that of a PIN photodiode (~ 50 A/W versus ~ 0.5 A/W@
λ ~ 850 nm), which is beneficial with noncooperative targets. The advantage is pa
offset by the higher noise of the APD, however, as shown in Fig. 12, which compares

Fig. 11. Amplitude and phase response of the receiver channel given by (8), when the inpu
pulse is as shown Fig. 9.
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sensitivities of receiver channels using PIN and avalanche photodiodes.

It is seen that the sensitivity of a receiver using a PIN photodiode is dictated by
electronic noise of the amplifier channel, whereas that of a receiver channel using an
may be limited by the noise in the output current of the photodetector, which is cause
the randomness of the photon current and avalanche gain. Optimum sensitivity wit
APD is achieved when the noise contributions of the amplifier channel and the APD
equal (Muoi 1984, Senior 1992). This can be achieved by first minimizing the noise of
amplifier channel and then selecting the proper bias voltage for the APD (the excess
factor depends on the avalanche gain, which in turn depends on the bias voltage
practise the sensitivity of a receiver channel using an APD is about 10 to 20 times b
than that of one using a PIN photodiode (Muoi 1984).

The major disadvantage of an APD is that it requires a very high, temperature-depen
bias voltage, often in excess of ~ 150 V, the generation of which is cumbersome and
cause disturbances, and also necessitates the use of high voltage capacitors and resi
addition, APDs are more expensive than PIN photodiodes.

One special feature of laser rangefinders in typical industrial measurement applica
is that they need photodiodes with a large active area (∅ ~ 500µm), and consequently a
high capacitance (Cd ~ 2 pF). In fiberoptic communications, for example, the diodes a
often much smaller. The high capacitance has a significant effect on the performance
design of the preamplifier.

Fig. 12. Comparison of the sensitivity of the amplifier channel with PIN and avalanche
photodiodes (BW = 100 MHz, responsivity = 0.5 A/W, avalanche gainM = 100, excess
noise factorF(M) = 4, input referred noise current of the electronicsini = 5 pA/ ).Hz
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3.3. The transimpedance preamplifier

The current mode signal from the photodetector is converted to a voltage mode sign
the preamplifier. Optimization of this preamplifier is important, as it often limits th
performance of the whole receiver channel. At the same time the preamplifier is often
most difficult circuit block to design, due to the partly conflicting requirements, such as
noise and wide dynamic range, wide bandwidth and good stability, etc. Furtherm
operation of the preamplifier is affected by various external parasitics, the exact valu
which are not always known beforehand.

3.3.1. Preamplifier types

Several types of preamplifier can be used, as shown in Fig. 13, the main ones b
transimpedance and high impedance preamplifiers. A transimpedance preamplifi
composed of a core amplifier of either the voltage or transimpedance kind and a feed
resistor in which the input current is converted to a voltage. The transimpeda
preamplifier employs shunt-shunt feedback to reduce the input impedance so as to ac
a wide bandwidth, and it is often preferred in wideband receivers (Senior 1992), as it o
a relatively wide dynamic range and high-speed operation without equalization (Un
1982). The transimpedance preamplifier must be designed carefully to avoid the sta
problems associated with feedback systems.

A high impedance preamplifier is composed of a high-valued load resistor, in which
input current is converted to a voltage, and a voltage amplifier (Personick 1973, Yanoet al.
1990). As its bandwidth is limited because of the pole in the input node, equalizatio
needed to restore the bandwidth. High impedance preamplifiers are used in applica
where maximum sensitivity is required (Smith & Personick 1980). One of the m
problems is that it is difficult to design and maintain accurate equalization with chang
process parameters, temperature, supply voltage etc. (Smith & Personick 1
Furthermore, the pole frequency in the input node depends on the capacitance o
photodetector and the various parasitic capacitances, the values of which are diffic
estimate accurately.

In principle both transimpedance and high impedance preamplifiers offer the s
sensitivity (Kasper 1988). The main noise sources are the same, and if the signal tra
functions are made identical, so are the noise transfer functions. In practise, howeve
load resistor of a high impedance preamplifier can be made larger than the feedback re
of a transimpedance preamplifier, which results in better sensitivity (the limi
gain-bandwidth product (GBW) of the core amplifier of a transimpedance preampl
limits the value of the feedback resistor). This increased sensitivity is achieved a
expense of a reduced dynamic range (Smith & Personick 1980), as the latter is inve
proportional to the value of the load or feedback resistors.

The low impedance and current preamplifiers shown in Fig. 13 are less pop
topologies. The structure of a low impedance preamplifier is similar to that of a h
impedance one, except that a load resistor with a much lower value is used, often 50Ω. As
the low load resistance results in a wide bandwidth, no equalization is needed. An
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advantage of this structure is that the photodetector may be connected to the pream
with a transmission line, e.g. a 50Ω cable. Due to the high noise of the low valued loa
resistor, however, the sensitivity of a low impedance preamplifier is inferior to that o
transimpedance one (Vella-Coleiro 1988, Senior 1992), so that this type of preamplifi
impractical for low-noise wideband systems (Senior 1992). Current amplifiers are often
noisy to be used in preamplifiers (Chang & Sansen 1991). Rogers reported in (1984)
transimpedance preamplifier in which the output is taken as a current instead of a vol
The structure combines the good noise performance of a transimpedance preamplifie
a current-mode output, which may be useful for gain control purposes, for instance.

Only transimpedance preamplifiers are used here, because they provide low-
wideband operation without equalization. In addition, the width of the dynamic rang
often as important a parameter as the sensitivity, so that a medium-valued load/feed
resistor is used anyway. The sensitivity degradation compared with a high imped
preamplifier can be rendered insignificant with proper design, and the differenc
negligible at high frequencies, above 1 GHz (Muoi 1984).

3.3.2. Transimpedance preamplifier structures with bipolar inputs

The core amplifier of a transimpedance preamplifier is either a voltage or transimped
amplifier, usually the former. In high frequency applications the core amplifier should h
a wide bandwidth to ensure the stability of the feedback loop, which means that relat
simple circuit structures must be used. In bipolar technology the amplifier is of
composed of one amplifying input stage and a buffer stage. Various types of input stag
shown in Fig. 14, the most popular one being the common emitter input stage as sho
Fig. 14 a) (Meyer & Blauschild 1986). A cascode transistor may be added to the b
structure to reduce the input capacitance by reducing the Miller effect (El-Diwanyet al.

Fig. 13. Various types of preamplifier.

-Au vout
uin Ai iout

Rl < Rb

iin

c) low-Z preamplifier d) current preamplifier

-Au vout

Rfb

iin

-Au vout
uin

Rb Rl >

a) transimpedance preamplifier b) high-Z preamplifier
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1981), or a Darlington pair may be used in place of the input transistor to reduce the
noise of the base current as a result of the reduced bias current (Aiki 1985). The Darlin
input may also yield a larger GBW, so that a larger feedback resistor may be used, res
in reduced thermal noise.

Another widely used input structure is the common collector input stage as shown in
14 b) (Sibleyet al. 1984), where the input capacitance is reduced because the Miller e
is eliminated and the base-emitter capacitance is bootstrapped. Furthermore, the e
follower may be biased with a lower current than the common emitter stage, which red
the shot noise of the base current. On the other hand, as the input stage has no voltag
the input-referred voltage noise caused by the input transistor of the following s
increases. The emitter follower can be used to bootstrap the capacitance o
photodetector, too, as shown in Fig. 14 c) (Abraham 1982).

A common base stage may be used either as an input stage of the core amplifi
shown in Fig. 14 d) (Wilson & Darwazeh 1987), or as a current buffer in front o
transimpedance preamplifier, as shown in Fig. 14 e) (Vanisri & Toumazou 1995). As
input resistance of the common base stage is inherently low, the preamplifier is affecte
by the capacitance in the input node, allowing the use of a larger feedback resistan
distinct drawback of the common base input is that it is very difficult to construct a l
noise bias current source within a single 5 V power supply, and in practice an extra neg
supply is needed. The common base amplifier can also be used in an open loop, as
in Fig. 14 f), resulting in a very wide bandwidth (Hamanoet al.1991).

It is difficult to achieve a meaningful comparison of the reported performances of
various input stages, because the specifications, such as diode capacitance, pa
capacitances, bandwidth, transimpedance, phase margin etc. are different. Furthermo
selected components or technology may favor one of the structures. For example, the
resistance of the input transistor may be the dominant noise source due to nonoptima
doping and structure, which may favor the use of a common emitter input over a com
collector one. The achievable noise performance (Vanisri & Toumazou 1992), which
great importance in many applications, nevertheless appears to be fairly similar.

Differential implementations of the common emitter input, i.e. a differential pair, bo
with and without cascode transistors, are used in the present work, together w
differential structure containing current mode gain control circuitry as shown in Fig. 21
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3.3.3. Transimpedance preamplifier structures with MOS inputs

In MOS technology the core amplifier is often composed of several amplifying stag
because it is more difficult to achieve the required GBW due to the lower transconduct
of MOS transistors. The number of inverting amplifier stages must be odd in single-en

Fig. 14. Various types of transimpedance preamplifier for use in bipolar technology.
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structures to facilitate the negative feedback. The optimal number depends on
specifications and technology, and can be estimated using the equations given by
(1987) and Pietruszynskiet al.(1988). The common source amplifier in its different forms
some of which are shown in Fig. 15, is the most popular amplifier structure (Kasper 19
The load of the amplifier stages can be either a resistor or a diode-connected transis
shown in Fig. 15 a) and b), the advantage of the latter being that its transconductance
that of the input transistor, which helps to stabilize the gain. The amplifier stages use
Pietruszynski et al. (1988) are biased with constant current sources and
diode-connected transistor loads are folded as shown in Fig. 15 c). In this structure bo
currents and voltages can be easily controlled, which helps dc biasing. Ingelset al. (1994)
used a push-pull inverter in place of a single input transistor to maximize
transconductance of the amplifier stages, and hence the GBW, as shown in Fig. 15 d)
problem with this structure is that the bias current varies over a wide range with the pro
parameters, temperature and supply voltage, and the power supply rejection ratio is r
poor.

Common gate input stages similar to the common base ones shown in Fig. 14 can

Fig. 15. Various types of transimpedance preamplifier for use in MOS technology.
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c) inverter input stage with folded
diode-connected MOS load
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be used, either in the core amplifier (Vanisri & Toumazou 1992, 1995) or as a current b
in front of the preamplifier (Park & Toumazou 1998). The input impedance can be fur
reduced by using a regulated cascode in the input, as proposed by Park & Toum
(1998).

The structure shown in Fig. 15 c) was used in this work, both in single-ended an
pseudo-differential form, as documented in Paper I and Paper II, respectively.
structure was chosen mainly because the voltage gain of the core amplifier is well de
despite large variations in the properties of MOS transistors with temperature and pro
parameters. This helps to make the preamplifier stable, as discussed further in Se
3.3.5. A differential implementation of the common source input, i.e. a differential pair
also used.

3.3.4. Parasitics

The operation of the preamplifier is greatly affected by the various parasitics assoc
with the external packaged components, PCB, lead frame, bondwires, I/O prote
structures etc. The diode and parasitic capacitances, along with the bondwire inducta
limit the achievable bandwidth and transimpedance, deteriorate the noise performanc
stability, and may cause resonances and peaking in the frequency response. An exam
a model of the input to a preamplifier, based on information found in the literatu
manufacturers data sheets (EG&G 1994) and schematic libraries (AMS), application
(Pearson & Beckwith 1992) and the author’s own experimental results, is shown in Fig

The parasitics and their effect can be reduced by using unpackaged chips and bo

Fig. 16. Example of a model of the input to the receiver channel. The photodiode is packaged
the biasing resistors and coupling capacitors are surface mounted devices, and the
integrated circuit (AMS 0.8 mm BiCMOS process) is mounted in a CLCC package.

2 pF

diode coupling stray I/O protection

PCB ICpackage

stray

100 pF 4 nH

0.5 pF0.5 pF 1 pF

4 nH

200 fF 0.5 pF

lead frame and bondwire

100 pF 4 nH

0.5 pF0.5 pF 1 pF
4 nH

1 pF 0.5 pF

preamplifier

1 pF

0.15 nH
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them directly on a PCB or a ceramic substrate with minimum length bondwires.
effective inductance of the bondwires is reduced in the case of differential inputs due t
effect of the mutual inductance, and the inductances could be further reduced by us
flipchip photodiode mounted directly on the receiver chip (Hamanoet al. 1991), or a
photodetector integrated on the same chip as the receiver channel (Palojärviet al.1997c).

3.3.5. Stability

The transimpedance preamplifier employs feedback to achieve stable transimpedanc
and a wide bandwidth, but this feedback may cause stability problems. The open
transimpedance gain, feedback factor and closed loop transimpedance gain are sho
Fig. 17. In high frequency applications the dominant pole of the open loop freque
response is located in the input node and the nondominant poles (fp1, fp2 ...) are the poles
of the core amplifier. The open loop frequency response is affected by the exte
parasitics, the exact values of which are unknown, and the gainA0 and pole locations of the
core amplifier, which may vary with temperature, supply voltage, process parameters
The inverse of the feedback factor is ideally just the feedback resistorRfb, but in practise
the phase lag of the distributed RC delay line of the feedback resistor (Ghausi & K
1968) or the MOS feedback resistor (Jindal 1987) must be taken into account.

The poles of the core amplifier should reside at high enough frequencies, preferably
above the cut-off frequencyfh1 as shown in Fig. 17 to ensure stability. Therefore low-ga
wideband amplifier stages need to be used. This is especially important in CM
technology due to the lower achievable GBW per stage and large variation in compo
properties. The pole locations of the core amplifier can be designed to give stable resp

Fig. 17. Open loop transimpedanceZol(f) , the inverse of the feedback factor1/β(f) and closed
loop transimpedance Zcl(f) in a transimpedance preamplifier. CT is the total
capacitance in the input node.
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(Abraham 1982), or even maximally flat closed loop frequency response (Daset al.1995).
It may not be possible in practise to design the core amplifier so that the closed

response is unconditionally stable. The stability can be improved by using a compens
capacitor in parallel with the feedback resistor, the effect of which is shown in Fig. 17. T
compensation reduces the bandwidth of the preamplifier (fh2), however, and
overcompensation cannot usually be afforded in high frequency applications, as it is o
the preamplifier in which the required bandwidth is hardest to achieve (Rein 1990). Pea
should not be used to widen the bandwidth, as it results in a poor pulse response (P
1985).

3.3.6. Noise

The noise of the preamplifier often limits the sensitivity of the receiver channel, as sh
in Fig. 12, and therefore also the maximum measurement range. The noise performa
the receiver channel can have a significant effect on the cost and feasibility of the w
receiver, as it affects the required optical output power of the laser pulser, the size and
of the optics, the choice of photodetector etc. When optimizing the noise of the preamp
both the magnitude of the noise sources and their transfer functions to the output, as s
in Fig. 18, must be considered. The primary noise sources of the transimped
preamplifier are the thermal noise of the feedback resistorinR and the input-referred noise
currentinT and voltageunT of the core amplifier.inT andunT are often caused mainly by the
input transistor. These noise sources are discussed next, first the feedback resistor, an
both a bipolar and MOS input transistor.

The noise of the feedback resistor is white and can be reduced by increasing
resistance, although the maximum resistance value is often limited by the conflic
requirements of wide bandwidth and wide dynamic range. Since the transfer function
this noise source is almost identical to the signal transfer function, the only way to minim
the output noise is to limit the bandwidth to the minimum value which is needed to pas
input pulse.

The primary noise sources of a bipolar input transistor are the thermal noise of the

Fig. 18. Noise sources in a transimpedance preamplifier and their transfer functions to the
output.

CT

Rfb

Au(f)- uno

unT

inT

inR

f

Z

inR & i nT :

unT:

fh fcl21
2πCTRfb
-----------------------

A

Rfb

1

Z(s)

A(s)

log scale

lo
g

sc
a

le



43

t (Gray
ncy

on
) and
ut

t the
ion or

r in
ick
ctor
with

h the
f the
tance

the
uch
, i.e.

ther
nnel
), the

strate

oise
in a
f the
iode

ively
idth,
ce of
ance
ce is

lue
n be
ered

in a
ick
um
with
re of
resistance, the shot noise of the base current and the shot noise of the collector curren
& Meyer 1984). The 1/f noise is very low and can be neglected in high freque
applications. The optimum value for the bias current of the input transistor in a comm
emitter input stage (shown in Fig. 14 a)) has been derived by Smith & Personick (1980
by El-Diwanyet al. (1981) and is directly proportional to the total capacitance in the inp
node and the bandwidth. The optimum is quite shallow, however, (Muoi 1984), so tha
bias current can be tailored to meet other specifications, such as low power consumpt
wide bandwidth.

From the noise performance point of view the figure of merit for a bipolar transisto
a common emitter input stage (shown in Fig. 14 a)) is (Smith & Person
1980), whereCbe and Cbc are the base-to-emitter capacitance and base-to-colle
capacitance. In addition, it is important that the base resistance should be minimized
a proper doping concentration and layout. The total output noise increases rapidly wit
total capacitance in the input node and bandwidth, being proportional to the square o
capacitance and to the square of the bandwidth, or, if the noise of the base resis
dominates, to the cube of the bandwidth (Smith & Personick 1980).

The primary noise sources of a MOS input transistor are the thermal noise of
resistive channel and the 1/f noise (Gray & Meyer 1984). The 1/f noise, although m
higher than in bipolar transistors, is not a problem in the frequency range of interest
above several MHz, especially as the input transistors are in practise relatively wide. O
noise sources which may become significant at higher frequencies in short cha
transistors are the thermal noise of the gate resistance (Thornber 1981, Jindal 1984
shot noise of the substrate currents (Jindal 1985a), the thermal noise of the sub
resistance (Jindal 1985b) and the excess noise (Jindal 1986).

The contribution of the thermal noise of the resistive channel, which is the main n
source in a MOS transistor in the frequency range of interest, can be minimized
common source input stage (shown in Fig. 15 a)) by matching the input capacitance o
input transistor to the diode and parasitic capacitances (Jindal 1987a). As the d
capacitance in our application is high, the optimum input transistor may be excess
wide, and as the current density needs to be relatively high to achieve a wide bandw
the power consumption may become too high. Furthermore, the large input capacitan
the wide input transistor and the inductance of the bonding wires may result in reson
at the signal frequencies. The optimum is shallow, however, and the noise performan
quite close to the optimum when (Abidi 1987)

, (10)

whereCgs is the gate-to-source capacitance,Cgd is the gate-to-drain capacitance,Cd is the
diode capacitance andCp is the parasitic capacitance in the input node. A capacitance va
near the minimum is practical. The noise of the resistive gate and substrate ca
minimized by layout techniques (Chang & Sansen 1991), and the 1/f noise can be filt
out with ac coupling or cancelled out with offset compensation.

From the noise performance point of view, the figure of merit for a MOS transistor
common source input stage (shown in Fig. 15 a)) is (Smith & Person
1980), wheregm is the transconductance. This can be maximized by using a minim
channel length and large bias current. Again, the total output noise increases rapidly
the total capacitance in the input node and bandwidth, being proportional to the squa

β Cbe Cbc+( )⁄

0,2 Cd Cp+( ) Cgs Cgd+( ) 2 Cd Cp+( )< <

gm Cgs Cgd+( )2⁄



44

uired
MOS
tance
king
the
oise
ted
e. In
of a

bove
band
s the
oise

ts. In
ing

uld
e a
ral
ction,

nce
case.
mon
rred
to the
f the

e, and
the capacitance and to the cube of the bandwidth (Smith & Personick 1980).
The choice between a bipolar and a MOS input transistor depends on the req

bandwidth and the constraints on power consumption. The noise performance of a
input is better at frequencies up to a few hundred MHz (Kasper 1988). The total capaci
in the input node in our application is quite high, so that due to the noise gain pea
shown in Fig. 18, the input-referred noise voltage of the core amplifier is often
dominant noise source. It is therefore important to minimize the input-referred n
voltage of the input transistor by using a bipolar transistor with multiple interdigita
emitter and base stripes, or a MOS transistor with a very large transconductanc
practise, the bias current of a MOS input transistor must be much higher than that
bipolar one, resulting in a higher power consumption.

Both types of input transistor are used here. In practise bipolar ones are preferable a
~50 - 100 MHz, because they make it much easier to implement a stable wide
response, and the penalty in noise performance is marginal. At lower frequencie
properties of MOS transistors are sufficiently good and their advantage in n
performance is more pronounced.

3.3.7. Differentiality

The majority of transimpedance preamplifiers have single-ended inputs and outpu
some systems the signal is converted to a differential one in the voltage amplifier follow
the preamplifier (Meyer & Blauschild 1986). However, most preamplifier structures co
easily be converted to fully differential ones. To the best of the author’s knowledg
differential input was first proposed in his Paper II. Differentiality would bring seve
advantages: reduced sensitivity to disturbances, improved common mode reje
improved linearity, reduced inductance of the input bondwires due to mutual inducta
etc. The effect of differential input on noise performance must be considered case by
On the one hand, the structure of the core amplifier is more complicated, e.g. a com
emitter input must be converted to a differential pair, resulting in increased input-refe
noise current and voltage. On the other hand, the effect of parasitic capacitances
ground is halved, as shown in Fig. 19, which reduces the noise gain peaking o
input-referred noise voltage of the core amplifier (A(s) in Fig. 18), and therefore also the
output noise. The net effect depends on which of the noise sources is the dominant on
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3.4. Gain control

The dynamic range of the optical input signal in laser rangefinding applications o
exceeds that of the receiver channel. If optimum accuracy is aimed at, one of the l
timing discrimination schemes presented in Chapter 4.1 should be used. As most of
schemes require that the signal should be preserved undistorted, the dynamic range
input signal needs to be reduced by means of gain control. The signal amplitude v
mainly as a function of the measurement range and the reflectivity of the target, so tha
variation is often slow enough for gain control to be used (Kilpeläet al. 1998). The gain
control should not affect the propagation delay or the shape of the pulses, however, no
to any deterioration in the noise properties of the amplifier channel. The structure o
amplifier channel, the type of signal in the channel and possible places for gain contro
shown in Fig. 20.

The dynamic range of the incoming light signal can be reduced with optical gain con
structures such as a neutral density filter or a variable iris. Furthermore, the optics ca
designed so that the field of view of the transmitter optics only partly overlaps with tha
the receiver optics, the fraction depending on the distance (Wanget al.1991). These optical

Fig. 19. A differential transimpedance preamplifier and the corresponding half-circuit.

Cd

Rf

Au(f)

u+

Cp

Cp

u-

is

2Rf

-Au(f) u+

Cp/2 is Cd

Rf

Fig. 20. Signal types and the possible modes of gain control in different parts of the receiver
channel.
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gain control structures are often slow and bulky, however, and may require a high co
voltage. Moreover, the methods using a variable iris or partly overlapping fields of v
may run into problems with the nonuniform cross-section of the laser beam (Vanderwet
al. 1974, Kilpeläet al. 1992). The shape of the light pulse is different in different parts
the beam, which means that, as the receiver diode sees a varying part of the beam
function of distance or the setting of the iris, the timing point changes. In systems usin
APD the avalanche gain can be controlled by changing the bias voltage. The acc
control range is quite limited, though. For example, a gain variation of 1:2 results in an e
of only +/- 1.5 mm (Koskinenet al. 1989), but for a gain variation of 1:8 the error is
increased to several decimetres (Määttä 1995).

Electronic gain control integrated within the receiver channel is desirable, because
fast and saves space and power. From the noise performance point of view, it would b
to control the gain as late in the amplifier channel as possible, so as to minimize
degradation of the SNR. The gain must be controlled before any distortion occurs, how
and so several gain control blocks in different places may be needed. In practise
dynamic range of the transimpedance preamplifier in high frequency applications is lim
to ~60 dB or so, which may not be enough in all applications, and thus gain control
already be needed in the transimpedance preamplifier or even in front of it. The acc
operating region of linear timing discrimination schemes is often limited to 20 dB ... 40
which is even less than that of the preamplifier, so that it is advantageous to control the
after the preamplifier as well.

3.4.1. Use of a current mode variable attenuator

A current mode variable attenuator, either a multiplier cell or an agc cell (Gilbert 1968
shown in Fig. 21, can be placed between the photodetector and the transimpe
preamplifier (see Fig. 20). To the best of the author’s knowledge this was first propose
the author and was first reported in Palojärviet al.(1997b). Of the two structures shown in
Fig. 21, the agc cell has a better noise performance and dynamic range (Sansen & M
1974), whereas the multiplier cell has a constant output common mode current, w
makes cascading of the amplifier stages easier. Due to the common base connection
input transistors, both structures have a very wide bandwidth. The linearity of the ce
limited by the base resistance of the quad transistors, capacitive feedthrough across
and the finite output conductance of the current sources (Sansen & Meyer 1973).

Very good performance has been achieved using a multiplier cell in the input of
receiver of a time-of-flight laser rangefinder, as reported in Paper V. The no
performance of the front end was not compromised and the delay variation was only +/
(corresponding to +/- 1 mm in distance) in a gain range from 1 to 1/15. In minim
attenuation mode the cell reduces to a common base buffer. The good noise proper
this mode result from the buffering action of the common base configuration, i.e. the
capacitance in the input node is isolated from the input of the transimpedance preamp
The good delay stability results from three facts: 1) the signal current flows throug
similar path regardless of the gain setting, 2) the bandwidth of the gain control cell i
high that small changes in it do not affect the total bandwidth, and 3) the pole frequen
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the input node does not change with the gain setting. The only drawback of the structu
the extra negative power supply needed to generate the low noise bias current so
shown in Fig. 21.

3.4.2. Control of transimpedance gain

If the current mode gain control scheme described above cannot be used for some re
it is desirable to implement gain control in the transimpedance preamplifier. It is v
difficult, however, to control the transimpedance gain without the bandwidth
propagation delay of the signal changing with the gain. Changing the value of the feed
resistor (Scheinberget al.1991, Meyer & Mack 1994, Paper I) affects the impedance a
pole frequency in the input node, while controlling the gain of the core amplifier chan
the bandwidth and shape of the frequency response (Yamashita 1986). Van den Bro
Nieuwkerk (1993) used a current mode preamplifier and implemented gain contro
steering a varying portion of the input signal current past the amplifying element. Agai
is difficult to keep the bandwidth and delay constant. All in all, it appears that
satisfactory ways of extending the dynamic range of the preamplifier using gain con
have been devised so far.

3.4.3. Voltage mode variable attenuator

Gain control between the preamplifier and the voltage amplifier, where the signal
voltage, can be realized with a voltage mode variable attenuator. One possible struct
a resistive divider, such as the R-2R ladder shown in Fig. 22. In this structure
attenuation can be changed in discrete steps, as opposed to the continuous range of

Ibias2Ibias2

Fig. 21. Current mode gain control cells.
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Vgain Q4Q1 Q3Q2
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of the current mode structures described above. On the one hand this is a limitation, b
the other hand it is easier to implement a specific attenuation value, e.g. 1/2, 1/4,
Moreover, the attenuation can be directly controlled digitally.

The R-2R ladder has good noise properties, because low signals are passed unatte
through the first switch, and a wide linear range, as only passive components are us
the actual division. Furthermore, the bandwidth of the ladder can be made larger than
of the rest of the channel by using low valued resistors, so that small changes in band
have little effect on the total bandwidth. The resistances together with the distrib
capacitance of the resistors and the parasitic capacitances of the switch trans
nevertheless form a distributed RC delay line, so that the delay of the signal depends o
attenuation setting. Minimum-sized switches should be used to minimize the para
capacitances, and the resistances should be in the low kΩ range to keep the error caused b
the intrinsic delay in the resistors in the millimeter range.

A variable R-2R ladder attenuator was used in the circuit documented in Paper III
instance. The delay of the signal changes by +/-75 ps (corresponding to +/-11 m
distance) in a gain range from 1 to 1/52, the delay being largest with the maxim
attenuation. The delay variation can be reduced by adding extra delay with resistorsRc, as
shown in Fig. 22, but it is difficult to achieve accurate compensation. The delay stabilit
the voltage mode attenuator appears to be inferior to that of the current mode desc
earlier, and therefore it is advantageous to use a current mode attenuator in front o
preamplifier if the extra power supply can be afforded.

3.4.4. Control of voltage gain

The voltage amplifiers following the preamplifier can be implemented in two ways, eit
using a core amplifier and global feedback, or using an open loop amplifier with only lo
feedback. In the former case the gain can be controlled simply by changing the feed
factor, e.g. the configuration of the resistive feedback network can be changed
switches. However, if voltage mode techniques are used, as in basic noninverting
inverting feedback amplifiers, the gain and bandwidth are usually related, i.e. the pro
of gain and bandwidth is constant (Sedra & Smith 1987). This constraint is alleviated w
a current feedback operational amplifier is used as the core amplifier (Bowers 1990).

Fig. 22. A variable R-2R ladder attenuator (resistorsRc are only for delay compensation).
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Global feedback cannot always be used in wideband applications, because the GB
the core amplifier may not be large enough to support stable feedback. A widely
wideband voltage amplifier topology is the double-stage transconductance-transimpe
amplifier (Cherry & Hooper 1963), where the input voltage signal is first converted
current in a transconductor and then back to voltage in a transimpedance amplifier
bandwidth is wide, because only local feedback is used, and because the loading e
between the stages are reduced owing to the impedance mismatch (Reimann & Rein
Möller et al. 1994). In the double-stage amplifier the gain control can be implemente
current mode between the stages using the previously described agc or multiplier ce
in Meyer & Mack (1991). Other usable structures are the Gilbert quad (Sansen & M
1974), or one of the more recently developed multiplier structures, such as the one giv
Zarabadi & Ismail (1993).

The double-stage transconductance-transimpedance amplifier structure was used
postamplifier of most of the receiver channels designed in this work, because it is eas
achieve the required GBW, especially in CMOS implementations. The channels
consist of alternating transimpedance and transconductance amplifiers in cascade, a
signal is converted successively from current to voltage and from voltage to curren
shown in Fig. 23. The gain control was usually implemented with a voltage mode vari
attenuator between the transimpedance preamplifier and the postamplifier, and in a
cases a current mode variable attenuator was used in front of the preamplifier as wel
voltage mode attenuators will probably be replaced with current mode ones, as sho
Fig. 23, because the measurements have shown that the delay stability of the current
attenuator is better than that of the voltage one.

3.5. Amplitude measurement

The gain of the amplifier is controlled based on amplitude information provided by a p
detector, which measures the pulse amplitude at the output of the postamplifier. In s
applications the amplitude information is used to compensate for variation in the tim

Fig. 23. An amplifier channel consisting of alternating transimpedance and transconductance
amplifiers. Gain control can be implemented in current mode alone.
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point with pulse amplitude as well, in which case accurate amplitude measureme
required. The peak detector can be considered a special case of a sample and hold
In sample and hold circuits the variation in the input signal is followed in both directio
during the tracking mode, and the circuit is switched to hold mode with an external con
signal such as a clock pulse. In a peak detector the input signal is followed in only
direction and the transition to hold mode occurs automatically. Due to the similaritie
their operation, similar techniques and circuit structures can be used in t
implementation.

Ideally, the peak detector should follow the input signal accurately and without
delays in one direction, and the droop rate of the output should be infinitely low in the h
mode. The peak detector can be implemented using either an open or closed
architecture (Razavi 1995), as shown in Fig. 24. The open loop architecture is compose
a rectifying element, a hold capacitor and a buffer amplifier, while in the closed lo
architecture the rectifying element is controlled with an amplifier which compares the in
voltage with that in the hold capacitor. The open loop architecture is faster and simpler
it is also less accurate, and small pulses may not be detected at all, especially in C
implementations. The closed loop structure is more accurate, but it is slower and pro
peaking due to the delay in the feedback loop.

The closed loop architecture was used in this work to achieve better accurac
multistage structure, as shown in Fig. 25, allows both short acquisition time and low d
rate to be achieved simultaneously. The first stage is designed to be as fast as possib
the following stages have a gradually lower droop rate. Each of the stages compri
differential pair amplifier, a transistor acting as a rectifier and a hold capacitor. The
stage has a small hold capacitor, so that the peak of a short pulse can be detected accu
The feedback path is unbuffered to make it short and fast, so as to minimize the dela
overshoot, but the hold time is short, because the differential pair of the ampl
measuring the voltage of the hold capacitor saturates at the falling edge of the input p
which increases the base currentib1. Nevertheless, the hold time is long enough for th
second stage to sample the detected peak voltage. The second stage has a larg
capacitor, and the feedback path is buffered with a fast emitter follower, and thus the d
rate is reduced. The last stage has the largest hold capacitor and the feedback p
buffered with a source follower, so that the leakage current and droop rate are very s

Fig. 24. Peak detectors using open and closed loop architectures.
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It is advantageous to connect small current sources from nodes u1, u2 and uout to ground
to keep the rectifying transistors forward-biased in the quiescent state, so that they can
faster to the input pulse. In bipolar implementations the base currentsib1 andib2 serve this
purpose in the first two stages. The extra current source of the last stage can be shut
with the timing pulse, so as to minimize the droop rate. The same current source can be
to reset the last stage between pulses, while the first two stages are automatically re
the base currentsib1 andib2. The hold capacitors are connected to the positive power sup
instead of ground, so that the charging currents flow through a very short loop and do
generate disturbances in the common substrate.

The delays in the feedforward and feedback paths of each of the feedback loops s
be matched to prevent excessive overshooting, i.e if the delay in the feedforward pa
short, that in the feedback path should be short as well.

Fig. 25. Structure and operation of a multistage peak detector.
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4. The timing discriminator

The timing discriminator is used to generate an accurately timed logic-level pulse from
analog input pulse. The distance measurement accuracy aimed at is only a small fract
the width of the analog pulse, e.g. in a typical application an accuracy of better than
is required while the half-value width of the laser pulse is 1.5 m, so that the timing pu
must be generated from a specific point of the input pulse. The timing discrimina
comprises a pulse shaper generating a zero crossing and a timing comparator, as sh
Fig. 10. The accuracy of the timing discrimination is mainly limited by walk error caus
by the amplitude variation in the input pulses and jitter caused by noise (Gedck
Williams 1968).

In some applications, such as fast scanning radars, it is not possible to use gain co
and thus the amplitude of the input pulses varies over a wide range. Even if gain cont
used, there is some amplitude variation between the laser pulses, and therefore eith
timing discrimination scheme must be insensitive to amplitude variation, or the amplit
of the pulses must be measured and correction tables used.

Even if the timing discrimination scheme itself is not sensitive to amplitude variati
the delay in the timing comparator will vary with the amplitude of the input signal. The r
of change in the delay is largest when the slope and over/underdrive of the input sign
small, so it is important to use a scheme which produces an output signal with a sufficie
fast edge and large enough over and underdrive. Furthermore, the delay variation c
reduced by increasing the bandwidth of the comparator.

4.1. Timing discrimination schemes

4.1.1. Leading edge discriminator with constant threshold

Various timing discrimination schemes have been used in nuclear physics and in
applications, for example, the simplest one being a leading edge detector with a con
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threshold voltage, as shown in Fig. 27 a). This scheme is sensitive to variation in the p
amplitude, so that to achieve good accuracy the amplitude of each pulse must be mea
and the result corrected with tables.

The walk error in leading edge discrimination with a constant threshold can be estim
by means of a simple piecewise linear model, as shown in Fig. 26.

Using the notation in Fig. 26, the timing point is

, (11)

wheretp is the timing point,Vth is the threshold voltage,vp is the peak amplitude of the
pulse andtr is the rise time of the pulse. If the rise time of the pulse is 1 ns and the thresh
is 50 mV, for example, an amplitude variation from 100 mV to 2 V results in a timing po
variation from 500 ps to 25 ps. This walk error can be compensated for, if the pulses d
vary too much in shape and if the amplitude of the signal can be measured accur
enough. Differentiating (11) with respect to the amplitude of the pulse gives

. (12)

Thus, with the parameter values given above, an error of only 1 mV in the amplit
measurement of a 100 mV pulse causes an error of 5 ps, which corresponds to ~1 m
distance.

When the amplitude is higher than about 2 V, the amplifier channel and peak dete
are saturated, so that the exact amplitude can no longer be measured. Fortunate
variation in the timing point is small with larger signals.

A BiCMOS receiver channel designed for an application where the amplitude of
input signal varies over a very wide range and where gain control cannot be used to re
the signal dynamics is described in Section 5.3.1. As none of the linear tim
discrimination schemes could be used, a leading edge timing discriminator with a con
threshold voltage and compensation based on amplitude measurement was employe

Fig. 26. Simple model used to estimate the error in a leading edge discrimination scheme.
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4.1.2. Linear timing discrimination schemes

Several techniques have been developed for reducing sensitivity to amplitude variatio
the case of signal independent noise an optimum transfer function from the precision
of view can be derived systematically, as presented in Section 3.1. The use of this tra
function results in a bipolar output pulse with the zero crossing at the timing point, wh
is also advantageous as far as walk error is concerned. The optimum transfer function
always realizable, however, so that other schemes had to be developed.

Discrete component realizations are often based on the use of delay lines, one o
most widely used methods being the constant fraction (CF) discriminator, where
attenuated input pulse is compared with a delayed one (Gedcke & McDonald 1968, M
& Sperr 1970, Spieler 1982). The attenuation factor is typically 20 % and the delay is e
to the rise time of the pulse. By using a shorter delay a true-constant-fraction
amplitude-and-rise-time-compensated (ARC) scheme can be implemented (real ARC
if the leading edge is linear) (Paulus 1985). The input pulse can also be differentiated
then compared with a delayed input pulse (Kinbara & Kumahara 1969), or the input p
can be shaped (stub-clipped) with shorted delay lines (ORTEC AN-42, Gedcke
McDonald 1968).

The methods listed above extract the timing from the leading edge of the pulse. Tra
edge discrimination can be implemented by stretching and attenuating the input puls
comparing it to the original one (ORTEC AN-42). In Määttä (1995) the input pulse
compared to a delayed one, the delay being equal to the half-value width of the input p
In this way the timing is generated using both the leading and trailing edges.

Integration of the timing discrimination schemes described above is difficult, becau
is not easy to achieve good quality delay lines with high bandwidth and low attenuatio
an integrated circuit. Transmission lines take up a lot of space, and suffer from
resistance of the metal lines and losses in the semiconducting substrate. Active delay
costructed with OTA-C techniques, for example, require elaborate real-time tun
schemes to stabilize the delay, and have rather limited bandwidth and dynamic r
(Nauta 1990). Therefore alternative methods must be used in integrated realizations.

The signal processing operations which can be performed in integrated circuits
wide enough bandwidth and dynamic range include passive filtering and simple arithm
operations such as inversion, summation and taking a logarithm. Furthermore, pa
distributed RC delay lines can be used to generate short delays, of the order of
(Simpsonet al. 1996). The achievable performance of integrated timing discriminat
using lumped elements such as resistors, capacitors and amplifiers has been shown
comparable to that of discrete component implementations using delay lines (Nowlin 1
Binkley 1994).

One of the timing discriminators used in integrated circuits is a highpass filter, as sh
in Fig. 27 b) (Turko 1992, Simpsonet al. 1995). This works well with symmetric pulses
but if the trailing edge is markedly slower than the leading edge, both the walk error
jitter are larger than those of the leading edge discriminator (Simpsonet al. 1995). The
cut-off frequency should be designed to give large enough under and overdrive in the
of the timing comparator to minimize the walk error. The optimal cut-off frequency fro
the jitter point of view depends on the dominant noise source, and optimization is ea
with Monte Carlo simulations. The highpass filter can be used in other discrimina
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schemes as well. The highpass filtered pulse can be compared to the original pulse (T
et al.1992) or to an attenuated pulse, as shown in Fig. 27 c) (Nowlin 1992, Binkley 19

The integrated equivalent to the CF discriminator is a method in which a lowpass filte
pulse is compared to an attenuated one, as shown in Fig. 27 d) (Binkley 1994). The low
filter is used to create a delayed version of the pulse, the problem being that the rise
of the pulse is increased in the process. In Simpsonet al.(1996) the delay is achieved with
a passive distributed RC delay line composed of a resistive stripe of polysilicon on top
thin oxide and polysilicon plate (capacitor structure), yielding improved performa
relative to a lowpass filter implemented with lumped elements. A method in whic
highpass filtered pulse is compared with a lowpass filtered version is shown in Fig. 2
This method resembles the one used by Kinbara & Kumahara (1969), except that the

Fig. 27. Integrated timing discriminators.
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line is replaced with a lowpass filter.
Differential versions of the highpass and highpass/lowpass discriminators were

here. In the case of the pulse shown in Fig. 9, for instance, the optimal frequency resp
given by (8) and shown in Fig. 11 is approximated with 3 cascaded first order lowp
sections (preamplifier and 2 cascaded voltage amplifiers), which produce
-60 dB/decade roll-off at high frequencies, followed by one first order highpass sec
(highpass timing discriminator), which produces the +20 dB/decade rise at low frequen
(Paper IV). The notches at high frequencies would have been too difficult to prod
accurately and robustly, and were thus ignored. The time constants were selected ba
walk and jitter simulations.

4.2. The timing comparator

The output of the timing discriminator described above is an analog signal with a
crossing (or two signals crossing each other) at the timing point. This signal needs
converted to a digital timing pulse, because time measurement circuits often require d
input signals. This is usually done with a timing comparator, which should ideally have
infinitely large gain and bandwidth, but limited output swing. In practise, howev
conversion of analog input signal with a varying amplitude to a digital pulse is qu
difficult, as the delay in a practical comparator varies with the rate of change, overdrive
to some extent underdrive of the input signal (Turkoet al. 1990). Furthermore, the input
offset voltage of the comparator causes significant error in a timing discriminator (Bink
& Casey 1988).

4.2.1. Comparator structures

One possible structure for a fast comparator, which was used in this work, too, is show
Fig. 28. The comparator consists of a few amplifying stages, a latch and a buffer sta
the output. The gain stages typically comprise a differential pair amplifier buffered with
emitter/source follower. The optimal load resistance and swing for each stage ca
estimated with the equations given by Fang (1990), for example. To maximize GBW
advantageous to use a large number of low gain stages in cascade (Simpsonet al.1995).

A latch is often used to maximize the speed, owing to the positive feedback (Arbel 19
Gaoet al. 1996). The input offset associated with a latch is reduced by using a few
amplifying stages, and possibly offset compensation circuitry, in front of it, as shown
Fig. 28 (Razavi & Wooley 1992). An added advantage of a latch is that the outputs o
comparator change state only once, which reduces switching noise. This is important
arming comparators used to enable the timing comparator shortly before the timing p
Furthermore, it is important to minimize switching in the start channel so that the s
channel is not disturbed.

One widely used technique for improving the speed is to first force the operating po
of the amplifying stages and the latches to the middle of their swing so that the gain
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bandwidth are maximized and then trigger the comparator with the clock signal. T
technique is difficult to use in a timing discriminator, however, because the exact tim
arrival of the input pulse in not known beforehand.

Both emitter/source follower and open collector/drain output stages have been use
advantage of the latter being the more symmetrical differential output voltages achie
the smaller current consumption (Rein & Hauenschild 1990) and better stabi
Furthermore, an open collector/drain stage generates less disturbances tha
emitter/source follower.

4.2.2. Delay variation in comparators

Accurate modeling and analysis of the operation of a comparator is quite difficult, bec
the change of state of a comparator is a nonlinear large signal process. For examp
operation region of some active devices may change from cut-off to saturation and fu
to a linear region, and the comparator may operate in a linear, swing-limited or slew
limited region depending on the magnitude and rate of change of the input signal. Mo
of varying accuracy and complexity are presented in the literature.

According to a simple model presented in (Paulus 1985, ORTEC AN-42), the delay
comparator is composed of a charge-sensitive and a fixed component. The former
from the need to exchange charge in the input devices, e.g. to charge/discharge the
region of bipolar transistors, while the latter models the delay in the later stages (Bin
& Casey 1988). Van Valburget. al (1993) and Plassche (1994) modeled the compara
with a limiting amplifier followed by a band-limiting stage. The model has been used
predict the nonlinearity of AD converters caused by delay variation in the comparator

In a more complicated large signal model taking into account the impedance of
signal source, overdrive conditions, the rate of change of the signal, the bandwidth o
comparator etc. presented by Moscovici (1995), the comparator has at least three po
operation regions. With small input signals it operates in the linear region, and the
response is that of a simple lowpass filter. With larger input signals it may operate
swing-limited region, where the step response first follows that of a lowpass filter but
output becomes clamped before reaching the equilibrium, so that the comparator ap

Fig. 28. Typical structure of a fast comparator.
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to be operating faster. With even larger signals the operation of the input stage ma
limited by its slew rate.

According to a simple model based on linear small signal operation, the delaytdcomphas
a varying component which is inversely proportional to the square-root of the rate
change of the input signal and a fixed componenttdmin caused by delays in the amplifiers
(Arbel 1980), i.e.

, (13)

whereB is a constant depending on the structure, bandwidth etc. of the comparator.
model seems to work fairly well with large signals, too (Kilpeläet al.1998).

4.2.3. Compensation for delay variation

The walk error caused by the delay variation in the comparator can be compensated fo
correction tables, provided that the amplitude of the input pulses can be meas
accurately. Alternatively, the walk error can be partially compensated for with a small of
voltage in series with the input of the comparator (Kinbara & Kumahara 1969). An of
voltage of the right polarity produces a walk error that is inversely proportional to the
of change of the signal (Määttä 1995) and is of opposite polarity to the walk error cau
by the comparator, i.e.

, (14)

where tdoffset is the change in the timing point caused by the offset voltageVoffset. The
cancellation is not exact, as shown in Fig. 29, because the dependences of the walk
on the rate of change of the signal are different, but the residual error is largest with s
signals, where the increasing jitter prevents the use of the discriminator in any case.

A complete differential timing discriminator, e.g. that used in the circuit described
Paper VII, composed of an arming/noise comparator, highpass/lowpass tim
discriminator, timing comparator and walk error compensation, is shown in Fig. 30.
delay in the arming comparator should be minimized to allow sufficient settling of
timing comparator between the arrivals of the arming pulse and the timing pulse. To
end it is advantageous to apply the arming/enable pulse to the second or even later st
the timing comparator. It is important to minimize the disturbances generated by the ar
comparator, as it switches quite close to the timing point. The floating offset voltages
be generated by leading the output current of a D/A converter through small resisto
series with the inputs of the comparators. The arming and timing comparators can be p

tdcomp tdmin
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dvin

--------------+≈

tdoffset

Voffset
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---------------–≈
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merged to save space and power consumption (Simpsonet al.1995).

Fig. 29. Walk compensation with constant offset voltage.
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Fig. 30. A differential highpass/lowpass timing discriminator with walk compensation
together with arming/noise and timing comparators.
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5. Circuit implementations

A number of test circuits have been designed for various applications with different g
in mind, using CMOS, BiCMOS and bipolar technologies and in frequency ranges f
about 5 MHz to about 4 GHz. Selected circuits together with experimental results
described in the following.

Sections 5.1.1 to 5.1.4 describe CMOS and BiCMOS receiver channels designed
the aim of achieving millimetre-level accuracy over a wide input signal dynamic ran
Gain control was used to reduce the dynamics of the input signal, and the timing
discriminated with a linear discrimination scheme to minimize the walk error. Averag
was used to achieve the required precision. Section 5.1.5 describes a receiver chan
which the main goal was to further improve the accuracy, i.e. to reduce both walk error
jitter by using very short laser pulses with fast edges. The circuit was implemented in a
bipolar array to achieve the required wide bandwidth.

The main goal when designing the BiCMOS receivers described in Sections 5.2.1
5.2.2 was maximization of the measurement range to noncooperative targets. To thi
noise in the receiver channel had to be minimized by optimizing the size and bias cu
of the input transistors and by limiting the bandwidth of the amplifier channel. T
increased measurement range was achieved at the expense of reduced accuracy.

Chapter 5.3.1 describes a BiCMOS receiver channel designed for a fast scan
application, in which the amplitude of the input signal varies in a very wide range
where gain control cannot be used to reduce the signal dynamics. Therefore none
linear timing discrimination schemes was usable and a leading edge timing discrimin
with a constant threshold voltage was used instead.

5.1. Wideband linear receiver channels

High speed, high performance analog circuits have traditionally been realized in bip
technology due to the superior performance (larger transconductance, voltage
bandwidth etc.) of bipolar transistors over MOS transistors. The increasing demands
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made on fast digital VLSI circuits has nevertheless led to the rapid development of CM
processes, which has narrowed the gap between bipolar and CMOS technolo
Furthermore, the need to integrate whole systems on fewer chips has led to the develo
of circuit techniques which enable the use of CMOS processes in high perform
applications, especially in the field of telecommunications. Therefore the first rece
channels were designed using CMOS technology.

5.1.1. A 65 MHz single-ended CMOS amplifier channel

A single-ended amplifier channel realized in a 1.2µm CMOS process is described in Pape
I. The circuit was designed to provide information on the accuracy of the simulation mo
and on the performance achievable in a standard CMOS process. The specifications
prepared with decimetre-level measurement accuracy in mind.

The amplifier channel consists of a transimpedance preamplifier with gain contro
voltage mode gain control cell and a voltage amplifier. The preamplifier comprise
wideband core amplifier and a linearized floating MOS feedback resistor, and
transimpedance gain can be controlled by changing the value of the feedback resisto
by shunting part of the input current past it. The voltage mode gain control cell is a R
variable ladder attenuator and the voltage amplifier comprises two cascaded double
transconductance-transimpedance amplifiers.

The measured performance, BW ~ 65 MHz, in ~ 7 pA/ and Zmax ~ 250 kΩ , agrees
well with the simulations, but the frequency response peaks at higher gains, as sho
Fig. 8 of Paper I, which shows that cross talk between stages is a serious proble
single-ended, high-gain wideband structures. Nevertheless, the measurements ind
that the intended accuracy was achievable, provided that the interferences could be re
The next step was to improve the stability and to design a timing discriminator.

5.1.2. A 60 MHz differential CMOS receiver channel

The CMOS receiver channel described in Paper II was implemented in a 1.2µm process
and comprised a differential amplifier channel, a peak detector and a differential high
timing discriminator (the arming and timing comparators are single-ended). A differen
amplifier structure is used to reduce the stability problems encountered in the ci
described above and to improve its linearity. Results of measurements performed o
amplifier channel are described in Paper II and results obtained with the tim
discriminator in Ruotsalainenet al. (1995). The results are summarized in Table 1 fo
convenience.

The frequency response shows no peaking in spite of the much larger transimped
than in the circuit described in Section 5.1.1, which confirms the advantage of
differential amplifier structure. Furthermore, the noise performance of the ampli
channel is improved, owing to the larger input transistors and the increased bias curr
them. However, the circuit suffers from a large drift with temperature and supply volta

Hz
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and the usable input signal range of the timing discriminator is quite limited due to a s
timing comparator. Moreover, the single-ended structure of the arming and tim
comparators results in deteriorated single shot precision at higher gains, and
triggerings of the timing comparator caused by the switching noise of the arm
comparator prevent use of the maximum transimpedance.

The measured delay variation in the gain control cell, the walk error and the single
precision indicate that decimetre-level accuracy can be achieved with CMOS techno
To achieve centimetre-level accuracy, the drift with temperature and supply voltage n
to be reduced and the speed of the comparator needs to be improved to reduce the
error. The next circuits were designed using a BiCMOS process because the h
transconductance and speed of bipolar transistors helps to improve the speed of the
comparator, especially with smaller input pulses, and therefore to reduce the walk err

5.1.3. A 160 MHz differential BiCMOS receiver channel

A differential BiCMOS receiver channel implemented in a 1.2µm process and comprising
a voltage amplifier channel with variable gain, a differential highpass timing discrimina
and a peak detector is described in Paper III. The bandwidth of the receiver channe
increased to 160 MHz to improve the single shot precision. The circuit was designed
used with an external preamplifier, so that the properties of the receiver, such as band
and total transimpedance, could be adjusted to different applications. A comme
preamplifier with a bandwidth of 100 MHz was used in the measurements.

The measurement results reported in Paper III are summarized in Table 2. The dr
the delay with temperature as given in Paper III includes the drift of an ECL compar

Table 1. Measurements performed on the 60 MHz differential CMOS receiver channe

bandwidth 60 MHz

maximum transimpedance 1.27 MΩ

input-referred noise 4.5 pA/

delay variation with gain control +/- 50 ps (Ztot = 120 kΩ − 550 kΩ)

walk error of the timing discriminator +/- 60 ps in the range from 0.5 V to 2.2 V

average drift with temperature 54 ps/°C in the range 0°C - +50°C

drift with supply voltage 2.3 ns/V

single shot precision, 1σ (SNRa = 250)

a. peaksignal voltage to rms noise of the electronics ratio

66 ps

Hz
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(AD96687) buffering the output signal from the timing comparator, which was n
measured at the time. The drift of two comparators of the same type was meas
afterwards and found to be about 1 ps/°C in the temperature range from -40°C to +20°C,
and about 4 ps/°C in the range from +20°C to +60°C. Taking this into account, the averag
drift of the receiver channel with temperature is estimated to be of the order of 1 ps/°C in
the temperature range from -40°C to +60°C.

Compared to the CMOS realizations, the use of a BiCMOS process resulted in a sm
walk error and a wider usable signal range, especially as much smaller signals cou
handled owing to the faster and more sensitive timing comparator. Furthermore, the
with temperature and supply voltage was significantly reduced.

A prototype of a laser rangefinding device (Palojärvi 1995, Palojärvi 1997a) has b
implemented employing two of these receiver channels (start and stop channels) a
integrated CMOS time-to-digital converter as described by Räisänen-Ruotsalainenet al.
(1995). The device has an accuracy of +/- 35 mm in a measurement range of 1 m to
to non-cooperative targets and in a temperature range of -10°C to +30°C. The measurement
takes 200 ms with a pulsing frequency of 2.1 kHz. The accuracy is limited by the eff
associated with the nonuniform cross-section of the laser beam. The device uses tw
optics, and the receiver diode sees a varying part of the laser beam as a function of dis
from the target. This means that the optical stop pulse differs in shape from the start p
Moreover, the stop pulse changes in shape with the measurement range, leading to lin
errors.

Most of the problems encountered in the first circuits, such as large drift and walk e
were solved by using differential structures and a BiCMOS process, and the inte
centimetre-level accuracy was achieved. The problem of a very wide dynamic rang
input signals in typical applications nevertheless remained, so that the main goal was
to increase the dynamic range of the receiver channel. The dynamic range of wide
transimpedance preamplifiers is often limited to about 40 dB (SNR > 10), which is
always enough. Gain control was therefore needed in the preamplifier or in front of it.

Table 2. Measurements performed on the 160 MHz differential BiCMOS receiver chan

bandwidth 160 MHz

maximum gain 23

delay variation with gain control +/- 75 ps (A = 0.44− 23 i.e. 1:52)

walk error of the timing discriminator +/- 30 ps in the range from 50 mV to 3.3 V

average drift with temperature 2.2 ps/°C in the range -40°C - +60°C

average drift with supply voltage 300 ps/V

single shot precision, 1σ 266 ps @ SNR = 20
33 ps @ SNR = 250
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5.1.4. A 170 MHz differential BiCMOS receiver channel

The differential receiver circuit described in Paper IV was implemented in a 0.8µm
BiCMOS process and contains two receiver channels, one for the start signal and the
for the stop signal, and a peak detector. Each receiver channel comprises a transimpe
amplifier channel with variable gain and a differential highpass timing discriminator. G
control is realized with a current mode gain control cell (see Fig. 21 a)) in front of
preamplifier and a voltage mode gain control cell (see Fig. 22) between the preamp
and the voltage amplifier.

The goal was to achieve millimetre-level measurement accuracy in a wide dyna
range by means of accurate gain control, and to minimize the drift with temperature
supply voltage by having both the start and stop channels on the same chip. In a pra
measurement event the correct gain level is first set by sending a few pulses to the
and changing the gain based on the amplitude information provided by the peak dete
The peak detector is then disabled to reduce interferences and the actual dis
measurement is carried out.

The layout of the receiver circuit is shown in Fig. 31. The start and stop channels
identical, in order to match the drifts in the delays with the temperature and supply volt
The start channel is placed on the top of the circuit and the stop channel on the bottom
the digital control register is placed between them to increase their separation and th
to reduce interference between channels. The amplifier channels are placed to the le
the timing discriminators to the right. The cells are laid out symmetrically and place
straight rows to reduce disturbances and their effect inside the channels. Moreover,
cell has a separate power supply and ground, wired next to each other to reduce the
wire inductances owing to the effect of mutual inductance. The differential inputs, and
differential outputs, are also placed next to each other for the same reason. The outp
the timing comparators are of the open collector type with small output swing, to incre
the symmetry of the output signals and minimize disturbances.

Measurements of the circuit are described in Paper IV and Paper V and are summa
in Table 3. There were some problems with false triggerings caused by interferenc
maximum gain, which were thought to be caused by the package parasitics (44-pin ce
leaded chip carrier). Unpackaged chips were therefore also tested. These were b
directly onto a ceramic substrate with minimum length bondwires and the power sup
were filtered with miniature RF capacitors placed right next to the chip. These meas
solved the interference problems. Otherwise the performance of the packaged
unpackaged circuits was similar, which shows the low sensitivity of the common base i
to parasitic capacitances. The single shot precision, and the drift with temperature
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supply voltage listed in Table 3, were measured using unpackaged circuits.

Table 3. Measurements performed on the 170 MHz differential BiCMOS receiver chan

bandwidth 170 MHz

maximum transimpedance 260 kΩ

input-referred noise 6 pA/

delay variation with current mode
gain control

+/- 6 ps (Ai = 1 − 1/15)

delay variation with voltage mode
gain control

+/- 10 ps (Au = 1/4− 1/16)

walk error of the timing
discriminator

+/- 12 ps (uin = 250 mV - 2.6 V)

drift with temperature, 1 channel 7 ps/°C (average in the range -40°C - +60°C)

drift with temperature, 2 channels 0.6 ps/°C (average in the range -40°C - +60°C)

drift with supply voltage, 1 channel 125 ps/V

drift with supply voltage, 2 channels 50 ps/V

single shot precision, 2 channels, 1σ 240 ps @ SNR(start) = 125 & SNR(stop) = 20,
58 ps @ SNR(start) = 125 & SNR(stop) = 250

Fig. 31. Photograph of the receiver circuit.

Hz
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Again the drifts with temperature include that of the ECL comparators (AD966
driving the time-to-digital converter (Määttäet al. 1988). The estimated drift of one
channel with temperature is of the order of 5 ps/°C, when the drift of the ECL comparator
is eliminated. The drift is higher than that of the channel described in Section 5.1.3, bec
this 170 MHz circuit includes an internal preamplifier. The drift with temperature in t
case of 2 channels is caused by mismatches in the start and stop receiver channels.
case the effect of the drifts of the ECL comparators is more difficult to estimate, but
0.6 ps/°C given in Table 3 is probably mostly due to the receiver channel (measurem
indicate that the mismatches of the drifts of the ECL comparators is of the orde
0.2 ps/°C).

The measured single shot precision is shown in Fig. 32. This includes the jitter of
start and stop channels, and that of the time-to-digital converter, ~ 15 ps. The s
amplitude of the start channel was set to a value lying in the flat part of the walk curv
as to minimize the delay variation caused by pulse-to-pulse amplitude variation, the
of the start signal then being ~ 125. The jitter of the start channel limits the single
precision to ~ 55 ps when the SNR of the stop channel is high.

The current mode gain control cell in front of the preamplifier works very well. T
delay variation is only +/-6 ps (corresponding to +/- 1 mm in distance) in a gain range f
1 to 1/15 and the noise properties are not compromised. According to simulations
accurate gain control range can be increased to more than 1:20 by redesigning the
which generates the voltage controlling the attenuation of the cell (Vgain in Fig. 21 a)). The
voltage steps are now too large at higher attenuation levels. The gain of the voltage
gain control cell can be varied in the range 1 to 1/16, but there is a small design error i
R-2R ladder which causes excess delay variation when the gain is changed from 1 t

Fig. 32. Single shot precision of the receiver circuit. The measured single shot precision
includes the jitter of the start and stop channels and TDC, the estimates for which are
also shown in the figure (SNR is the peak amplitude of the pulse divided by the
measured electronic noise of the receiver channel).
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so that the usable range is only from 1/4 to 1/16.
When using gain control the total walk error is less than +/- 30 ps (+/- 4.5 mm

distance) given a signal that varies in the range 0.73µA (SNR = 10) to 0.45 mA (total range
of 1:624). According to the simulations, the range can be increased to more than 1:10
correcting the error in the voltage mode gain control cell. An even better performance
be achievable if the voltage mode gain control cell is replaced with a current mode on
shown in Fig. 23.

The precision of the measurement can be improved by, for example, a factor of 10
averaging 10 000 measurements, which takes 1 s with a typical pulsing frequenc
10 kHz. In this way a worst case precision (SNR = 10) of about +/- 2.2 mm (+/- 3σ) can be
achieved. Integration of the start and stop channels on the same chip reduces the drift
temperature and supply voltage. The delay varies about 60 ps (+/- 9 mm in distance
temperature range of 100°C, and about 63 ps (+/- 9.5 mm in distance) when the supp
voltage varies from 4.75 V to 5.25 V (10 %). In practise the supply voltage variation,
therefore the associated drift as well, can be made negligible by using stabilized p
supplies.

The total accuracy, taking into account walk error, jitter (3σ) and drift with temperature,
is about +/- 16 mm (average of 10000 measurements) when the signal in a range of
and the temperature varies in a range of 100°C. The largest error, +/- 9 mm, is caused b
drift with temperature. By measuring the temperature and using correction tables it ma
possible to achieve an accuracy of better than +/- 10 mm.

The interference between channels has been measured by feeding input pulses
start channel and observing the output of the stop amplifier channel with an oscillosc
No sign of disturbances can be seen in the stop channel at the time of the start pulse,
indicates that the substrate and switching noise generated in the start channel do not d
the stop amplifier channel.

A new prototype of a laser rangefinder employing this receiver channel and
integrated BiCMOS time-to-digital converter is being designed. The receiver PCB of
device is shown in Fig. 1 b). The main objective is to determine the achievable perform
of a miniaturized rangefinder in the presence of various disturbances. Testing o
receiver channel showed that disturbances generated by the laser pulser are a s
problem and may ultimately limit the accuracy, especially as the pulser and the rec
channel must be placed next to each other. Furthermore, it is important to measur
effect of interferences between the start and stop channels in short measurement ran

This circuit requires accurate gain control and averaging of several measuremen
achieve centimetre/millimetre-level accuracy. Measurements could be made faste
improving the single shot precision by using shorter laser pulses with very fast edges.
would reduce the walk error as well.

5.1.5. A 4 GHz differential bipolar receiver channel

A differential bipolar receiver channel implemented with a fast analog array a
comprising a transimpedance amplifier channel with current mode gain control an
highpass timing discriminator is described in Paper VI. The main goal was
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minimization of walk error and timing jitter by using very fast laser pulses. A single s
precision of ~1 mm in the edge detection method requires a bandwidth of the orde
5 GHz, as shown in Section 2.3.1. A laser pulse compatible with this bandwidth h
FWHM of ~ 100 ps. The techniques used to generate very short pulses of suffic
intensity using semiconductor lasers are documented by Vainstein & Kostamovaara (1
and Vainsteinet al. (1998).

Since the high bandwidth and fast pulses preclude the use of packaged photode
and receiver circuits, a ceramic hybrid was designed, as shown in Fig. 33. A small M
photodetector chip, RF supply bypass capacitors and terminating resistors are place
to the receiver chip and bonded with minimum length wires to minimize inductances
parasitic capacitances.

Measurements of the amplifier channel are described in Paper VI and are repea
Table 4. Preliminary measurement results of the timing discriminator are also given.

The walk error of the timing discriminator at two walk compensation voltages is sho

Table 4. Measurements performed on the 4 GHz differential bipolar receiver channel.

bandwidth 2.5 MHz, estimated to correspond to an
internal bandwidth of 4 GHz

maximum transimpedance 11 kΩ

input referred noise 8 pA/

walk error of the timing discriminator +/- 1.5 ps (uin = 65 mV - 650 mV, 1:10)

+/- 6 ps (uin = 40 mV - 800 mV, 1:20)

single shot precision, 1σ below 21ps @ SNR > 10

Fig. 33. A hybrid comprising the receiver channel, the MSM photodetector and a few passive
components.

Hz



69

ved
artly
wider.
ited

onent

rmit
t that

iver
edge
ide
idth
tion
GHz

h a
m to

ist of
PIN
d the
the
was
in Fig. 34. A very small walk error of +/- 1.5 ps, corresponding to ~0.23 mm, is achie
in a signal amplitude range of 1:10. The increase in walk error at high amplitudes is p
caused by loading effects of the measurement setup, so that the actual range is even
The measured single shot precision, 21 ps (corresponding to 3 mm in distance), is lim
by the measurement setup, i.e. the start channel, which is a discrete comp
implementation having a bandwidth of 500 MHz, and the TDC.

The experimental results show that careful circuit and hybrid design can pe
sub-100 ps pulses to be handled. The simulations and measurements sugges
millimetre-level single shot measurement accuracy is a realistic goal.

The use of very short pulses may significantly simplify the structure of the rece
channel. The walk error is reduced to a level which enables the use of a leading
discriminator even when millimetre-level accuracy is required, which results in a w
dynamic range without gain control structures or walk compensation. The wider bandw
and higher noise density than in the 170 MHz circuit described in the previous sec
nevertheless results in higher noise, the minimum acceptable signal current of the 4
circuit being 5µA (SNR = 10) versus the 0.73µA of the 170 MHz circuit. Thus the
improved accuracy is achieved at the expense of reduced measurement distance.

5.2. Low-noise linear receiver channels

The circuits described in this section were designed for an application in whic
decimetre-level accuracy and a maximum measurement range of up to about 100
noncooperative targets was required. The measurement device was to cons
inexpensive components such as a laser diode with only one emitting stripe, a
photodiode and small-sized plastic lenses. Since the output power of the laser an
sensitivity of the photodiode are low, the amplitude of the input signal current of
receiver channel is low, too. Therefore the main goal in the designing of the circuits

Fig. 34. Walk error of the timing discriminator at two compensation voltages.
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the minimization of noise in the receiver channel. This was achieved by limiting
bandwidth of the amplifier channel to about 10 MHz and optimizing the size and b
current of the input transistor. As the bandwidth is lowered, correspondingly slower l
pulses must be used, i.e. the pulses have a risetime and half-value width of about 30 n
50 ns. The use of pulses with slower edges results in increased walk error and jitter.

5.2.1. A 10 MHz differential BiCMOS receiver channel

The differential BiCMOS receiver channel described in Paper VII was implemented
1.2µm process and comprised a transimpedance amplifier channel, a peak detector
highpass/lowpass timing discriminator.

In low frequency applications the noise performance of a MOS input transistor is usu
better than that of a bipolar one (Kasper 1988). Simulations suggest, however, tha
differences in this case are fairly small. Bipolar input transistors were used because
transistors with the same noise performance would have required about an ord
magnitude higher bias currents (~ 200µA versus ~ 2 mA).

A highpass/lowpass timing discriminator with a corner frequency of 2 MHz was us
As the light pulses are slower and the amplifier bandwidth is reduced compared to
receivers described in Sections 5.1.1 to 5.1.4, the slope of the input signal of the tim
discriminator is lower, which results in a larger walk error and jitter. Furthermore, w
minimum signals, when the ratio of the slope of the signal to the noise is smallest, the n
shifts the mean value of the timing point earlier, which is manifested as an additional w
error. This walk error depends on the absolute amplitude of the input current signal o
receiver channel, as opposed to the walk error caused by the timing discrimination sc
and timing comparator, which depends on the amplitude of the voltage signal to the i
of the timing discriminator.

The measurement results are described in Paper VII and are repeated in Table 5
capacitance of the photodiode was 0.8 pF. The input-referred noise of the receiver ch
can be calculated to be ~ 2.8 nA. In practise a minimum SNR of about 10 is required
reliable detection, so that the minimum input signal is ~ 28 nA. The maximum achiev
measurement range can be estimated with the radar equation (6). Ifisignal(PIN) = 28 nA,
PT = 10 W,τT = 0.85,τR = 0.6 (filter included),ε = 0.1,r = 2.5 cm andR0 = 0.5 A/W, the
maximum measurement range is ~ 75 m.

By comparison, the maximum measurement range of the 170 MHz circuit describe
Section 5.1.4 would be only ~ 14 m under the same conditions, i.e. about one fifth o
range achieved with this circuit. The increased measurement range is achieved a
expense of reduced accuracy, the walk error being larger by about a factor of four an
jitter by about a factor of three larger.

The aim was now to further increase the measurement range by reducing the noise
receiver channel. Furthermore, the drift with temperature and supply voltage needed
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5.2.2. A 5 MHz differential BiCMOS receiver channel

The differential receiver circuit described in Paper VIII was implemented in a 0.8µm
BiCMOS process and contains two receiver channels, one for the start signal and the
for the stop signal, and a peak detector. Each receiver channel comprises a transimpe
amplifier channel with variable gain and a differential highpass timing discriminator. T
start and stop channels were located on the same chip in order to minimize the drifts
temperature and supply voltage.

The measurement results given in Paper VIII are reproduced in Table 6. The mea
bandwidth of the amplifier channels is 5 MHz instead of the design goal of 10 MHz, wh
is a result of increased capacitance in the input nodes of the preamplifier. The rec
channels were originally designed for a diode capacitance of 0.8 pF, but were tested
larger diodes having a capacitance of 2 pF. Furthermore, the capacitance of the
protection diodes was 3.1 pF/pad, which was about three times higher than estimated

The input referred noise was reduced from the 0.9 pA/ of the 10 MHz channe
about 0.6 pA/ with a more aggressive design of the preamplifier. The noise bandw
of the preamplifier was reduced by lowering the bandwidth of the core amplifier, but
also reduced the phase margin of the preamplifier and increased the risk of sta
problems with a worst case combination of process parameters and temperature. Thu
the gain and bandwidth of the core amplifier were made programmable, so tha

Table 5. Measurements performed on the 10 MHz differential BiCMOS receiver chann

bandwidth 10 MHz

transimpedance 340 kΩ - 2.7 MΩ

input-referred noise 0.9 pA/

delay variation with voltage mode gain control +/- 100 ps (Au = 1 − 1/8)

walk error of the timing discriminator +/- 50 ps (uin = 150 mV - 2.5 V)

drift with temperature 100 ps/°C (average in the
range -40°C - +60°C)

drift with supply voltage 1.25 ns/V

single shot precision, 1σ 650 ps @ SNR = 20,
180 ps @ SNR = 250

Hz

Hz
Hz
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preamplifier can always be stabilized.

The high total transimpedance and long optical pulses cause some interference pro
between channels at short measurement ranges. The total length of the optical pulse
with the receiver is above 70 ns, which corresponds to over 10 m in distance. Whe
measurement range is of the order of the pulse length or lower the start pulse is
travelling in the channel when the stop pulse arrives. With the maximum gain, cross
causes false triggerings and deteriorates the accuracy. This is not a problem in a pra
measurement situation, however, as the maximum gain is used only when the input s
is low due to the long measurement range.

Owing to the lower noise density and bandwidth compared with the 10 MHz chan
described in Section 5.2.1, the input-referred noise is halved, being ~ 1.3 nA. This ca
estimated to result in an increase of ~ 40 % in the maximum measurement range. O
other hand, the lower bandwidth increases the walk error and jitter by about 50 %.
noise causes an additional walk error with minimum input signals, just as with the 10 M
circuit.

A new version of the circuit has been designed with a measured bandwidth of 15 M
and an input-referred current noise of ~ 0.6 pA/ (unpublished work). So
modifications had to be made to achieve the same input-referred noise current de
despite the larger bandwidth. The bipolar input transistors were replaced with less n
MOS transistors, but at the expense of higher current consumption. In the older 5
version of the circuit the postamplifier consists of two cascaded voltage amplifiers, so
the noise bandwidth is limited by two real poles at the same frequency. In the ne
15 MHz version of the circuit the postamplifier has been designed to have the respon

Table 6. Measurements performed on the 5 MHz differential BiCMOS receiver channe

bandwidth 5 MHz

maximum transimpedance 8.4 MΩ

input-referred noise 0.6 pA/

walk error of the timing discriminator +/- 150 ps (uin = 100 mV - 2.5 V)

drift with temperature, 1 channel 160 ps/°C average in the range
-20°C - +60°C

drift with temperature, 2 channel 60 ps/°C average in the range
-20°C - +60°C

drift with supply voltage, 1 channel 1050 ps/V

drift with supply voltage, 2 channel 90 ps/V

single shot precision, 2 channel, 1σ 1060 ps @ SNR = 20,
175 ps @ SNR = 250

Hz

Hz
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a second order Butterworth lowpass filter. The complex poles result in a sharper ro
above the cut-off frequency, so that the high frequency noise is more effectively filte
To reduce the parasitics, the circuit was not packaged, but instead a bare chip was b
on a ceramic substrate.

5.3. A receiver channel with a wide input signal dynamic range

While the circuits described in the previous Sections rely on gain control and linear si
processing to achieve good accuracy over a wide dynamic range, the one described
section was designed for an industrial scanning application where the dynamic range
signal was very wide, about 1:20 000, and gain control could not be used to reduce
dynamics. Therefore none of the timing discrimination schemes based on linear s
processing could be used, but instead a leading edge timing discriminator with a con
threshold voltage was tried. This resulted in increased walk error, which in this applica
limits the measurement accuracy to a few centimeters when pulses with a rise time of
and a half-value width of ~4 ns are used.

Later on it may be possible to reduce the walk error by using very short pu
(FWHM < 100 ps) and a correspondingly faster receiver channel, so that a leading
discriminator can be used even when millimetre-level accuracy is required. This w
simplify the receiver channel considerably, as no gain control structures or w
compensation would be needed.

5.3.1. A 250 MHz differential BiCMOS receiver channel

This receiver channel consists of a differential transimpedance amplifier channel, a
detector, an rms-meter and a timing discriminator (unpublished work). The goal wa
achieve centimetre-level single shot distance measurement accuracy. The device sca
surrounding area continuously, so there is no time to measure the received amplitud
adjust the gain between distance measurements. The required measurement frequen
high that it prohibits extra scannings to provide an “amplitude view” of the environme
Furthermore, the gain cannot be adjusted based on the amplitude of the previously rec
pulse, because the signal amplitude may vary in a wide range from one measurem
another due to small objects with widely differing reflectivities in the field of view.

A simplified block diagram of the circuit is shown in Fig. 35. The amplifier channe
timing comparator and peak detector are similar to those used in the circuit describ
Section 5.1.4. An rms-meter is used to measure the noise of the output signal o
amplifier channel between distance measurements and the peak detector measu
amplitude of every pulse. This means that the SNR and precision of each measureme
be estimated. The variable R-2R ladder attenuator shown in the figure is used only to
and calibrate the peak detector and rms-meter during operation (a small sector o
scanning field is reserved for calibration and testing). Only the mid-gain is used in
actual measurement.
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A leading edge timing discriminator with a constant threshold voltage is used. In
scheme it is sufficient to amplify the smallest pulses to a level which can be detected
a comparator. Clipping of the high amplitude pulses does not matter. The use of a con
threshold leads to a large walk error, however, which needs to be compensated
correction tables. The compensation is accurate only when the signal is in the linear r
of the amplifier channel, so that the peak of the pulse can be measured accurately.

The circuit contains only a stop channel, the start signal being taken electrically from
laser pulser. This does not reduce the accuracy or increase the drift too much, becau
device is calibrated continuously.

The receiver hybrid designed for the measurements, as shown in Fig. 36, comprise
receiver channel, an APD in the middle and a few passive components such as couplin
supply bypass capacitors and biasing resistors.

Fig. 35. Simplified block diagram of the receiver circuit.
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Fig. 36. A receiver hybrid comprising a receiver channel, photodetector and a few passive
components.
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The walk error at different temperatures is shown in Fig. 37 a). The amplitude of
optical input pulses has been varied in a range of ~ 1:4000, which according to calcula
corresponds to input pulse amplitudes ranging from ~ 4µA to ~ 16 mA. The peak of the
output pulse of the amplifier channel was measured with the peak detector. The amp
channel and peak detector can handle linearly output pulses with amplitudes of u
1900 mV, which corresponds to an input pulse amplitude of ~ 95µA. With higher input
pulse amplitudes both the amplifier channel and the peak detector are saturated. The
error is seen to be about 200 mm in the range ~ 4µA to ~ 95µA and about 70 mm in the
range ~ 95µA to ~ 16 mA.

The error after walk and temperature compensation is below +/- 35 ps, as shown in
37 b). With small amplifier output signals, below ~ 400 mV, the accuracy of the pe
detector limits that of the compensation. When the amplitude of the pulses is ab
~ 1900 mV, the peak detector cannot provide accurate amplitude information. In that r
the compensation is performed by adding/subtracting a fixed value from the dist
measurement result so that the peak-to-peak error is minimized. Hence the jump i
curves around 1900 mV.

The single shot precision at different temperatures is shown as a function of
amplitude in the input of the timing discriminator in Fig. 38. The single shot precision
better than +/- 9.5 mm when the peak of the pulse is higher than 80 mV. The jitter of

Fig. 37. a) Uncompensated distance measurements at different temperatures as a function of
the measured pulse amplitude and b) error of the temperature and walk compensated
distance measurements.
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TDC, which is included in the figure, limits the precision at high signal amplitudes.

The measurements are listed in Table 7. The accuracy of a single measurement is
than +/- 65 mm, including walk error (amplitude varies in the range 1:4000), drift w
temperature (ambient temperature varies in the range 0°C to + 50°C) and jitter (+/- 3σ and
SNR > 35).

The circuit achieves the intended centimetre-level single shot accuracy over a very
dynamic range. Due to the wide bandwidth, the jitter is smaller than that of the 170 M
receiver channel, but the walk error is larger because of the leading edge tim
discrimination and limited accuracy of the peak detector with small input pulses.

5.4. Interference issues

The various parasitics and interference problems associated with packaging ha

Table 7. Measurements performed on the 250 MHz differential BiCMOS receiver chan

bandwidth (Cd ~2 pF) 250 MHz

transimpedance 10 kΩ, 20 kΩ, 40 kΩ

input-referred noise 7 pA/

error after walk and temperature compensation < +/- 35 mm (iin = 1:4000)

single shot precision, 1σ < +/- 9.5 mm @ SNR > 35

Fig. 38. Single shot precision of the measurements (single shot precision of the TDC, 3.75 mm
is included).
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significant effect on the performance of the receiver of the laser radar, and may in s
cases be the main factor limiting the accuracy. The interferences may appear as ra
noise, and thus increase the jitter, or they may cause systematic delay variation.
ceramic leaded chip carriers (CLCC) and bare chips bonded directly on the PCB
ceramic substrate were used in this work. Packaged circuits were preferred becaus
are easier to handle and mount on the PCBs than bare IC chips. The lack of establishe
supported models for the substrate and packages prevents accurate estimation of the
of electrical and magnetic interferences. Silicon foundries often provide the designer
simulation models of some of their packages, but neither the major suppliers of de
software nor the silicon foundries have good models for the substrate or automatic too
extracting model parameters from a circuit layout.

Inside the receiver channel the main sources of disturbance are the fast switching a
comparator and peak detector, which inject current spikes to the supply wires and
common substrate and produce large voltage swings and current spikes in the o
bondwires. A laser radar contains several other switching circuits as well, such as the
pulser, which handles very fast, large current pulses, the switching regulators and the
voltage generators, which transmit interferences via electric and magnetic fields.

The most sensitive part of the receiver channel is the preamplifier. The inte
interferences are mainly picked up from the common substrate capacitively and throug
substrate contacts. Both external and internal disturbances are picked up capacitive
inductively by bondwires. Another sensitive component is the timing comparator, wh
may be disturbed by switching of the arming comparator and peak detector just befor
timing point.

Both circuit and layout techniques were used to solve these interference problem
most important being differential structures and signal processing, and current ste
operation with small voltage swings (Shin & Hodges 1989). The layout of differen
circuits was made symmetrical and the layout cells placed in straight lines (Reiman
Rein 1987). Differential inputs and outputs were used because they are less suscept
disturbances than single-ended ones.

The bondwire inductances and the parasitic and supply bypass capacitances
resonance circuits between the external and internal power supplies, and current s
drawn by the circuit cause voltage dips and ringing in the internal supplies. The inducta
were reduced by using multiple bonds (Abidi 1984). The amplitude of the dips could
have been reduced by increasing the internal bypass capacitor, but this would have br
the resonance frequency down closer to the signal frequencies. Each circuit bloc
separate supplies and a separate bias current to reduce crosstalk caused by the ch
voltage drops in common inductances and resistances. According to simulations,
amplifying stage in the timing comparator even needs to be biased separately to pr
delay variations caused by interstage coupling through bias lines.

The bonding scheme was designed to minimize the interferences, and inputs and o
were located on opposite sides of the circuit (Jindal 1987b), preferably in the middle o
package, where the wires were shortest. Differential signals, and the power supplies,
routed to adjacent pins so that the total inductance in the loop was minimized due t
mutual inductance. The inductance of the power supply lines could be further reduce
placing a bypass capacitor in the cavity next to the chip (Ishiharaet al. 1992). Inputs and
outputs were surrounded by ground wires to reduce coupling to other signals. Single-e
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signals, such as the output from the peak detector, were located next to a ground
because this minimizes the inductance of the loop (Vergheseet al.1995).

The substrate of current CMOS and BiCMOS processes is often composed of a
(< 10µm), lightly doped epitaxial layer on top of a thick (~ 500µm), highly doped bulk.
Due to its high doping and great thickness, the resistance of the bulk is low, so in effe
acts like a single node (Suet al.1993). Switching in one part of the circuit couples to the
common bulk through the thin high resistive epitaxial layer, spreads across the w
circuit and then couples capacitively or through substrate contacts to sensitive nod
other parts of the circuit. The situation becomes even worse with scaling of technolo
(Vergheseet al.1995).

Shielding guard structures were used around sensitive parts, such as the preamplifi
the timing comparator, and cells that disturb each other were placed far apart. T
methods are not very efficient, however, especially when the bulk is highly doped (Set
al. 1993). In fact, improperly used guard rings may even make things worse. The m
effective way to reduce crosstalk is to connect the bulk node to a quiet ground, an
minimize the inductance of this ground connection by attaching the chip to the cavity o
package with conducting glue and then connecting the cavity to one or more of the pac
leads with thick plugs (Suet al.1993).

5.5. More advanced technologies and their potential

For cost reasons the receiver channels designed here were implemented in sta
silicon-based CMOS, BiCMOS or bipolar processes. The performance of the rece
channel could be improved by using one of the more advanced technologies, su
silicon-germanium (SiGe), gallium-arsenide (GaAs) or indium phosphate (InP). The m
features of some of these processes from the point of view of the present applicatio
discussed briefly in this chapter.

SiGe heterobipolar transistor (HBT) technology is a viable solution for demand
medium-cost applications, because SiGe HBTs can be incorporated as add-ons to ex
silicon-based BiCMOS processes with only a couple of extra processing steps (Haraet
al. 1995). It can nevertheless provide highly improved properties relative to silicon bip
transistors, such as higher transition frequencyft (Baureiset al. 1993),higher current gain
β, increased Early voltageVA, reduced base transit time (Harameet al. 1995) and lower
base resistance (Gaoet al.1996). All these properties would be very useful when designi
key circuit blocks for receiver channels, such as low-noise wideband preamplifiers
ultrafast comparators.

Other possible technologies, though more expensive ones, are the GaAs and InP-
metal semiconductor field effect transistor (MESFET) and high electron mobility transi
(HEMT) processes. GaAs-based processes offer transistors with highft and a low noise
figure, but MESFETs in particular suffer from low transconductance, poor matching
large variations in process parameters (Burns 1995). InP-based HEMT processes ha
advantage that high quality photodetectors can be integrated on the same chip wit
signal processing electronics (Yanoet al. 1990, Leeet al. 1990). This would simplify the
receiver PCB, and could result in a larger achievable bandwidth and lower noise as a
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GaAs-based HBTs offer high speed but suffer from high base-emitter volt

(Vbe > 1.4 V). Furthermore, the current gain is high only at high current densities, wh
leads to temperature problems, especially as the thermal resistance of GaAs is
(Poultonet al.1995). Compared to GaAs, InP-based HBTs have the advantages of a l
base-emitter voltage (Vbe = 0.7 V), better thermal conductivity and higher current gain
low current densities (Jensenet al.1995).

The SiGe and InP HBT technologies appear to be the most interesting ones for
application. The possibility of integrating high quality photodetectors favors the
technology, whereas the SiGe technology would probably be less expensive. Further
a SiGe HBT BiCMOS process is similar to a conventional silicon BiCMOS process, so
minimal redesign would be needed, as similar circuit techniques and structures cou
used.
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6. Discussion

The goal of this work was to develop integrated electronics for the receiver of a port
laser radar. To that end, several receiver channels were implemented with diffe
specifications, as described in Chapter 5. The long-term aim is the implementation
small-sized laser radar with a minimum number of components.

Two means of processing the analog input pulse were used here. In the first schem
pulse was processed in a strictly linear manner with a variable gain amplifier cha
followed by an amplitude-insensitive timing discriminator, while in the second scheme
pulse was amplified in an amplifier channel with a fixed gain and the timing po
discriminated with a leading edge discriminator having a constant threshold voltage.
first scheme, based on linear signal processing, is often more accurate and was the
used in most of the circuits described here, but it is more difficult to implement a
typically requires gain control circuitry with a stable delay and bandwidth. The probl
with the second scheme is the large walk error, which, when using pulses with a rise
of ~1 ns and a half-value width of ~4 ns, limited the measurement accuracy to a
centimeters. The experimental results described in Chapter 5 nevertheless show
sub-100 ps pulses can be handled with careful circuit and hybrid design. In this way
walk error of the leading edge discriminator can be significantly reduced, and simulat
and measurements suggest that millimetre-level single shot measurement accurac
realistic goal. This may considerably simplify the structure of the receiver channel,
wide dynamic range can be achieved without gain control structures or walk compensa

Fully differential structures, including the transimpedance preamplifier, were used h
as those entail certain advantages: reduced sensitivity to disturbances, improved co
mode rejection, improved linearity, reduced inductance of the input bondwires du
mutual inductance etc. The majority of transimpedance preamplifiers in common use
single-ended inputs and outputs, but most of the structures could easily be convert
fully differential ones.

In many applications the dynamic range of the input signal exceeds that of the rec
channel, so that gain control is needed. Electronic gain control integrated within
receiver channel is preferable over optical gain control from the point of view of space
power consumption. Both current and voltage mode gain control structures were desi
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and the delay stability of the current mode attenuator based on a multiplier structure
found to be better than that of the voltage one composed of a resistive divider.

The current mode gain control scheme in front of the transimpedance preamp
developed in this work deserves special attention. The dynamic range of the preamp
can be significantly increased using this scheme, and at least in our application
bandwidth or noise performance of the preamplifier did not deteriorate. The delay varia
was only +/-6 ps (corresponding to +/- 1 mm in distance) in a gain range from 1 to 1/1

Both MOS and bipolar input transistors were used in the transimpedance preamp
the choice being dependent on the required bandwidth and the constraints on p
consumption. The noise performance of a MOS input is better at frequencies up to a
hundred MHz, but the bias current of a MOS input transistor has to be much higher
that of a bipolar one, resulting in a higher power consumption. Furthermore, it is ea
design a preamplifier with stable gain using bipolar transistors owing to the lar
achievable GBW.

Both CMOS and BiCMOS processes have been used in the practical implementa
The measured delay variation of the gain control cell, the walk error and the single
precision indicate that decimetre-level accuracy can be achieved with 1.2µm CMOS
technology. In the BiCMOS implementations (0.8µm process) the higher
transconductance and speed of bipolar transistors helps to improve the speed of the
comparator, especially with smaller input pulses, and therefore to reduce the walk e
Consequently centimetre/millimetre-level accuracy was achieved.

In addition to reduced size, integration of the receiver electronics brings o
advantages such as reduced disturbances and timing errors associated with the input
(I/O) buffering, circuit packages and wiring on a PCB. Furthermore, more complica
functions can be incorporated in the receiver channel without increasing the are
complexity of the system to any considerable extent. This helps to improve the perform
and versatility of the measurement devices.

Integration of the receiver channel introduces special problems of its own, howe
Most of the circuit blocks have to be full-custom designed, which is time-consuming,
many components used in discrete implementations, such as accurate passive comp
or delay lines, are not available, so that alternative circuit techniques must be develope
used. Packaging of the receiver channel entails problems, as well. The integrated circ
fabricated on a semiconducting substrate, and the interactions of the various blocks o
common substrate are difficult to model accurately.

It is difficult to compare the properties of the amplifier channels constructed here w
those reported in the literature (Ingelset al. 1994, Meyer & Mack 1994, Vanisri &
Toumazou 1995, Ayadiet al. 1997), because the areas of application and specificatio
such as diode capacitances, parasitics, bandwidths and stability criteria, are so diff
Higher frequencies and much smaller photodiodes are used in fiberoptic communica
for instance. Also, performance can be measured and specified in many different ways
example, noise performance may be measured with or without a diode in the input
output noise may be measured at one spot frequency or integrated over a certain freq
range, and peaking may be used to increase the bandwidth etc.

Comparison of timing discriminators is equally difficult. The walk error and jitte
depend on the shapes and widths of the optical pulses, the frequency respons
bandwidth of the amplifier channel preceding the timing discriminator, the properties of
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dominant noise source etc. The measured walk error of the highpass timing discrimi
in most of the receiver channels designed here nevertheless seems to be in line with t
other implementations and discrimination schemes (Tanakaet al. 1992, Turko 1992,
Simpsonet al.1995, Simpsonet al.1996).

6.1. Comparison with a discrete component implementation

Since the techniques developed in this work can be used to replace discrete comp
sub-systems with integrated ones in existing measurement devices, it is appropria
compare the performance of integrated receiver channels with that of discrete comp
implementations. The main features of the 170 MHz receiver channel described in Se
5.1.4 and those of a discrete component receiver channel used in a commercially ava
measurement device as described by Määttä et al. (1990), Määttä et al. (1993), M
(1995) and Kilpelä et al. (1998) are listed in Table 8.

The amplifier channels have similar transimpedances, bandwidths and input-refe

Table 8. Comparison of the performance of integrated and discrete component
implementations of the receiver channel (Cd = 1.6 pF).

property integrated realization discrete realization

bandwidth 170 MHz 100 MHz

max. transimpedance 260 kΩ 150 kΩ

input-referred noise 6 pA/ 6.6 pA/

delay variation with current
mode gain control

+/- 6 ps (Ai = 1 − 1/15) -

delay variation with voltage
mode gain control

+/- 10 ps
(Au = 1/4− 1/16)

several cm (1 cm = 70 ps)
(Au = 1 − 1/4)

walk error of the timing
discriminator

+/- 12 ps
(uin = 250 mV - 2.6 V)

+/- 43 ps
(uin = 200 mV - 2 V)

temperature drift 0.6 ps/°C (average in the
range -40°C - +60°C)

~ 0.75 ps/°C (average in the
range -10°C - +35°C)

single shot precision
2 channel, 1σ

240 ps @ SNR(start) = 125
& SNR(stop) = 20,
58 ps @ SNR(start) = 125
& SNR(stop) = 250

250 ps (SNR = 20)

73 ps (SNR = 250)

area chip size ~ 3 mm x 3 mm
PCB size ~ 25 mm x 25 mm

1 x Euro1-size PCB
100 mm x 160 mm

power consumption ~ 270 mW ~ 5 W

Hz Hz
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noise densities, and the single shot precision of the timing discriminator is almost the s
in each case. Therefore the sensitivities of the receivers, and hence their maxi
measurement ranges, are comparable. The dynamic range of the integrated re
channel, however, is much wider owing to the superior gain control circuitry a
significantly smaller walk error of the timing discriminator. When gain control is used,
total walk error of the integrated receiver channel is less than +/- 30 ps with a signal var
in the range 1:624, whereas the walk error of the discrete component implementati
+/- 43 ps with a signal varying in the range of 1:10. The walk error of the discr
component implementation can be reduced by using a faster timing comparator, and a
error of about +/- 10.5 ps in a signal range of 1:10 has been achieved in practise (Kilpe
al. 1998).

Probably the most pronounced improvement introduced by the use of integr
technology is the significantly reduced size and power consumption. This, along with
fact that the increased dynamic range may enable the elimination of optical gain co
structures, may considerably simplify rangefinding devices. Moreover, the small
permits the integration of an array of photodetectors, receiver channels and TDCs
working in parallel, on one chip. This may enable the realization of three dimensio
object recognition and machine vision systems of new a kind, without complica
mechanical scanning structures.

6.2. Future development

The next major goal in the development of a portable laser radar is integration of the w
receiver electronics, including the photodetector, receiver channel, TDC and the req
control electronics, on one chip, preferably using silicon or silicon-germanium technolo
This would reduce the size and complexity of the measurement device, and could re
the disturbances associated with the transmission of signals between circuits. An exa
of a current receiver hybrid used together with an integrated TDC circuit is shown in
39 a), and the goal, in which the entire receiver electronics is fitted in a single com
package, is shown in Fig. 39 b).

Integration of the photodetector would reduce the problems caused by the bond
inductances and the various parasitic capacitances associated with the PCB, packa
I/O cells. Silicon-based integrated photodetectors suffer from low sensitivity, howe
(Ayadi et al. 1997), the responsivity of a pn diode being only about 0.25 A/W at
wavelength of 850 nm (Palojärviet al. 1997c). This detracts from their usability. As a
option, a flip chip photodetector mounted directly on the receiver chip may be a via
solution in the future.

Integration may also cause some interference problems, especially if a fast digital c
signal is needed in the TDC. Another alternative is to use a multichip module, so tha
receiver and TDC chips are placed next to each other and connections are made d
with bonding wires. Interference problems should be less severe, as the substrates
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Another goal is simplification of the system by using very short laser puls
(FWHM < 100 ps). The walk error may be reduced to a level, which enables the use
leading edge discriminator with constant threshold even when millimetre-level accura
required. This would result in a wide dynamic range without gain control structures or w
compensation. SiGe heterobipolar transistor (HBT) technology is a viable solution
implementing the faster electronics needed to handle the shorter pulses, as it can p
transistors with improved properties compared to silicon bipolar transistors, hopefully
reasonable extra cost. Furthermore, a SiGe HBT BiCMOS process is similar
conventional silicon BiCMOS process, so that minimal redesigning would be neede
similar circuit techniques and structures can be used. New silicon-based deep sub-m
processes are another option, but the maximum allowable supply is being scaled down
the linewidth and is currently around 3 V or even lower, which may cause problems.

Fig. 39. The next step in the development of a portable laser rangefinder, from a receiver
hybrid and a packaged TDC (Räisänen-Ruotsalainenet al. 1998b) a) to fully
integrated receiver electronics b).

a) b)
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7. Summary

The thesis describes the development of integrated structures and circuit implement
for the receiver channel for portable pulsed time-of-flight laser rangefinders to be use
industrial measurement applications where the measurement range is from ~ 1
~ 100 m to noncooperative targets and the required measurement accuracy is from
millimetres to a few centimetres. Alternative circuit structures are discussed, concentr
on the preamplifier, gain control circuitry and timing discriminator, which are the k
circuit blocks from the performance point of view. Several circuit implementations
different applications are presented, together with experimental results.

The receiver channel is used to convert the current pulse from a photodetector
voltage pulse, amplify it, discriminate the timing point and produce an accurately tim
logic-level pulse for a time-to-digital converter. The length of the laser pulse, typically 5
is large compared to the required accuracy, 1 mm corresponding to ~ 7 ps, so that a sp
point in each pulse, such as the peak, has to be discriminated. The main factors limitin
accuracy of the receiver channel of a pulsed TOF laser radar are amplitude variation
input signal, which causes systematic error, and noise, which causes random e
Furthermore, temperature and supply voltage variation cause systematic errors
electrical disturbances may cause both random and systematic errors. Since the amp
of the input pulses varies over a wide range as a function of the measurement range et
gain of the amplifier channel needs to be controlled. Furthermore, the discrimina
scheme should be insensitive to the amplitude variation of the input signal in orde
minimize walk error, and the amplifier channel should have low noise to minimize tim
jitter.

Two means of processing the analog input pulse are used here. In the first schem
pulse is processed in a strictly linear manner with a variable gain amplifier chan
followed by an amplitude-insensitive timing discriminator, while in the second scheme
pulse is amplified in an amplifier channel having a fixed gain and the timing point
discriminated with a leading edge discriminator with a constant threshold voltage. The
scheme, based on linear signal processing, is often more accurate and is therefore u
most of the circuits described here, but it is more difficult to implement and typica
requires gain control circuitry with a stable delay and bandwidth. The problem with
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second scheme is the large walk error, which, when using pulses with a rise time of ~
and a half-value width of ~4 ns, limits the measurement accuracy to a few centimetres
experimental results nevertheless show that with careful circuit and hybrid de
sub-100 ps pulses can be handled. This enables the walk error of the leading
discriminator to be significantly reduced, and the simulations and measurement re
suggest that millimetre-level single shot measurement accuracy is a realistic goal. This
considerably simplify the structure of the receiver channel, as a wide dynamic range c
achieved without gain control structures or walk compensation.

A special feature of laser rangefinders in typical industrial measurement applicatio
that photodiodes with a large active area and large capacitance need to be used. The
capacitance has a significant effect on the performance and design of the preamplifier
diode and parasitic capacitances, along with the bondwire inductances, limit the achie
bandwidth and transimpedance, deteriorate the noise performance and stability, and
cause resonances and peaking in the frequency response.

New circuit techniques and structures, such as a fully differential transimpeda
preamplifier and a current mode gain control scheme, have been developed in the cou
this work. The differentiality provides several advantages: reduced sensitivity
disturbances, improved common mode rejection, improved linearity, reduced inductan
the input bondwires due to mutual inductance etc. The dynamic range of the preamp
can be significantly increased by using the current mode gain control scheme, and at
in this application, the bandwidth and noise performance of the preamplifier do
deteriorate. The delay variation is only +/-6 ps (corresponding to +/- 1 mm in distance
the gain range 1 to 1/15. The electronic gain control structures enable the eliminatio
awkward optical ones in some applications, which along with the small size and po
consumption, owing to the use of integrated technology, considerably simplifies
rangefinding devices.

Both CMOS and BiCMOS processes are used in the practical implementations.
measured delay variation in the gain control cell, the walk error and the single
precision indicate that decimetre-level accuracy can be achieved with 1.2µm CMOS
technology. In the 0.8µm BiCMOS implementations the higher transconductance a
speed of bipolar transistors helps to improve the speed of the timing comparator, espe
with smaller input pulses, and therefore the walk error is reduced. For instance, one o
BiCMOS circuits is a differential receiver channel with a bandwidth of 170 MH
input-referred noise of 6 pA/ and maximum transimpedance gain of 260 kΩ. By using
gain control and linear signal processing an accuracy of about +/- 7 mm (average of 1
measurements) can be achieved, taking into account walk error (input signal ampl
varies in the range 1:624) and jitter (3σ).

Another BiCMOS circuit designed for an industrial scanning application in which
dynamic range of the signal is very wide and gain control cannot be used to reduce it,
a leading edge timing discriminator with a constant threshold voltage. The accuracy
single measurement is better than +/- 65 mm, including walk error (amplitude varies in
range 1:4000), drift with temperature (ambient temperature varies in the range 0°C to
+ 50 °C) and jitter (3σ and SNR > 35).

The achievable performance level using integrated circuit technology is comparab
superior to that of the previously developed, commercially available discrete compo
implementations, the most pronounced improvement being the significantly reduced

Hz
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and power consumption and the wider dynamic range, owing to the current mode
control scheme developed in this work.

The next major goal in the development of a portable laser radar is integration o
whole receiver electronics, including the photodetector, receiver channel, TDC and
required control electronics, on one chip, preferably using silicon or silicon-german
technology. Another goal is simplification of the system by using very short laser pu
(FWHM < 100 ps). The walk error may be reduced to a level which enables the use
leading edge discriminator with constant threshold even when millimetre-level accura
required. This would result in a wide dynamic range without gain control structures or w
compensation. SiGe heterobipolar transistor (HBT) technology is a viable solution
implementing the faster electronics needed to handle the shorter pulses, as it can p
transistors with improved properties compared to silicon bipolar transistors, hopefully
reasonable extra cost.
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