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Abstract: This paper presents a high bandwidth and low noise fully differential main amplifier (FDMA) for pulsed
time-of-flight (TOF) imaging laser detection and ranging application (LADAR), which serves to amplify the small
pulse echo signal. The cascaded architecture and active inductor technology are used to enlarge the bandwidth of
the circuit and reduce the chip area. The cascaded gain stages, which adopted DC offset isolation circuit, are more
robust to the alteration of process. A large bandwidth amplifier (LBA) and an output buffer (OB) structure have been
designed to enhance the drive capabilities. Besides, in order to adapt the demand of the LADAR system, the am-
plifier receiver’s bandwidth has been limited by using an inter-stage bandpass filter. Implemented in CSMC CMOS
technology, the FDMA chip realizes the -3 dB bandwidth of 730.6 MHz, and an open loop gain of 23.5 dB with the
bandpass filter worked. The input-referred noise voltage is 2.7 nV/sqrt(Hz), which effectively reduces the system
noise. This chip that occupies 0.25 mmx0.25 mm in area consumes a power dissipation of 102.3 mW from the 3.3 V
power supply. As a part of the integrated chip of the laser radar system, it can better meet the requirements of sys-
tem.
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1 Introduction

As an optical remote sensing technology, the laser detec-
tion and ranging (LADAR) system has been used in
many fields", including the auxiliary driving, intelligent
robot for target identification, and the 3D imaging. The
pulsed time-of-flight (TOF) LADAR system that meas-
ures the distances to targets by emitting and detecting
laser echoes accurately has the unique advantage of long
detection range compared to other measurement me-
thods such as the continuous-wave optical phase me-
thod™*L.

A block diagram of a typical TOF LADAR system is
shown in Fig. 1. As shown in the figure, the LADAR sys-
tem is composed of a pulsed laser transmitter, an am-
plifier receiver, a time-to-digital converter (TDC), an
analog-digital converter (ADC), and a micro-processor.
The pulsed laser transmitter generates a start signal and
simultaneously emits an optical pulse signal. After fo-
cused by some optical components, the laser pulse signal
launches towards the target, and an echo signal will be
produced and reflected back when the optical pulse en-
counters the target. The amplifier receiver, on which this
paper focuses, amplify the reflection signal from the tar-
get by receiver’s optical component to the analog-digital
converter, and generates the arrival timing signal (stop)
of the echo signal to the time-to-digital converter'®. In
the signal processor, according to the flight time, the dis-
tance between the target and the receiver can be calcu-
lated through the LADAR formulas by using the mi-
CrO-processor.

Pulsed | Pulse
ulsed laser
transmitter A
Start
tof
Micro < Time-digital <] Ampl.mer J\
processor converter receiver Echo
Analog-digital Target
converter | Apalog signal

Fig. 1 Block diagram of a typical TOF LADAR

The amplifier receiver which mainly includes a pho-

toelectric detector and analog front-end circuits converts
the optical pulse echo signal into an electrical pulse. The
photoelectric detector usually employs an avalanche
photodiode (APD) because of the high sensitivity. The
analog front-end circuits, which mainly consist a
trans-impedance amplifier (TTIA) and a main amplifier,
are used to convert a current signal to a voltage signal for
the analog-digital converter and time-to-digital converter
to discriminate. However, only by using TIA it cannot
satisfy the demand for the remote detection applications.
Since the transmit power of the pulse laser are limited, in
active imaging system, the performance of the main am-
plifier becomes a critical issue. Therefore, a
high-performance main amplifier is a key component to
the LADAR system.

In this paper, a fully differential main amplifier chip
has been implemented in a CSMC CMOS process. The
proposed amplifier applied active inductor, which is used
to reduce the chip area and enlarge the bandwidth of the
circuit. In order to apply for LADAR system, this work
achieves an inter-stage bandpass filter by reusing the DC
offset isolation circuit. Section 2 describes the LADAR
system and proposed amplifier receiver. Section 3 intro-
duces the details of fully differential main amplifier. The
measurement results of the chip are shown in Section 4,
and Section 5 summarizes the design.

2 Proposed amplifier receiver

The amplifier receiver is mainly to amplify the moment
of the weak optical echo signal which is come from the
target. The input current signal of the photoelectric de-
tector produced can be acquired by the well-known radar
principle and responsibility of APD.

) Pr.pA

loPt(R):RAPD Tn;::z ol M
where R,,, is the responsibility of APD, P. is the
peak power of the laser transmitted pulse, 7, is the
transmission of the optical system, p means the reflec-
tion coefficient of the target, A, is the active area of the
receiver lens. Last, and R, is the distance between the
target and receiver.

Usually, an avalanche PD (APD) is used as the photo-

detector because of the high responsivity. The gain of a Si
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APD can be 50 A/W, but the InGaAs APD has the typical
gain of only 10 A/W. Therefore, the minimum detectable
echo signal for the receiver will be only few tens of nW by
using InGaAs APD.

The signal-to-noise ratio (SNR) can be calculated by
the radar formula”.. In order to suitable the practical ap-
plications, the requirement of the SNR is over 5 in the
general hundreds of meter detection LADAR system.
Further, the SNR over 10 would be advantageous for
mm-level accuracy.

Figure 2 shows the block diagram of the proposed am-
plifier receiver. In Fig. 2, the proposed amplifier receiver
consists of two parts: trans impedance amplifier (TIA)
and main amplifier. The TIA is an analog circuit that
converts the input current pulse signal from the APD into
voltage. And the main amplifier’s task is to further ampl-
ify the small voltage signal to an appropriate level so that
the voltage can be process by the followed circuit such as
the TDC and ADC. However, only by using TIA it cannot
satisfy the demand of the voltage for the remote detection
system. Therefore, the performance of the main amplifier
influences the optical pulse receiver largely.

Amplifier receiver

APD | Main |} 1pc || Miro
amplifier processor
This work ADC

Fig. 2 Block diagram of the proposed amplifier receiver

The main amplifier circuit should have enough wide
bandwidth to keep the pulse waveform linearly magnified.
However, excessive bandwidth would lead to additional
noise entering the receiver, due to the signal-to-noise
ratio (SNR) of the receiver deteriorated. The bandwidth
(BW) as a critical limit can be approximately expressed as
follows!®):

BW > 035 or 044 , (2)

t, t,

where f, is the rise edge of the time signal. For general
applications, the pulsed laser with a peak power of 20 W
~75 W and a width of 3 ns~20 ns is needed”. This means
that a narrower pulsed echo requires about 100 MHz
~200 MHz BW of the whole receiver channel. In the de-
sign, BW of the fully differential main amplifier (FDMA)
is demanded over the 500 MHz. At the same time, in or-
der to meet the LADAR system application, this work
designs an inter-stage bandpass filter by reusing the DC
offset isolation circuit to limit system noise.

Cascaded gain stage

3 Circuit description

The structure of the fully differential main amplifier
(FDMA) is presented in Fig. 3. In the diagram, the circuit
includes four identical gain stages to provide enough vol-
tage gain, a large bandwidth amplifier (LBA) and an out-
put buffer (OB) stage to enhance the deriver ability, and
the bandpass filter to limit noise. In order to keep the
walk error of the LADAR system small, the bandwidth of
amplifier stages must be sufficiently wide frequency
range. The stages need to operate linearly and resume
rapidly enough after the signal inputting. This circuit is
achieved by using several amplifiers chain with a high
slew rate and a large bandwidth. However, excessive
bandwidth would cause additional noise entering the
receiver, which degrades the receiver’s signal-to-noise
ratio (SNR). Therefore, the bandwidth of the whole am-
plifier chains should be confined. Meanwhile, the in-
ter-stage bandpass filter which reuses the DC offset isola-
tion circuit to limit system noise and mitigates the prob-
lem that the coupled capacitances occupy a large area in
CMOS process and lead to attenuate the signal should be
carefully designed. In addition, the cascaded gain stage
(CGS) that realized by four identical gain stages would
deteriorate the amplifiers bandwidth. Therefore, this
work adopts the active inductor technology instead of
traditional spiral inductor architecture to extend band-
width. By using the method, the bandwidth of single
stage is extend up to 70% without deteriorating the fre-
quency responsel'?.

In conventional integrated amplifier systems, the cas-
caded gain stage (CGS) is widely used to achieve opti-
mum results for both high gain and wide bandwidth. As-
suming that the circuit consists of n identical gain stages
with one pole frequency response, for the multilevel cas-
caded gain stages, the total bandwidth can be calculated
as following (3):

1 1

BW,, = BW, x(2" —1)* , (3)

where BW; is the bandwidth of each gain stage, and BW,y
is the whole bandwidth of CGS. Therefore, the gain
bandwidth product of each gain stage given by (4):
BW,, -
GBVVYS:l—tllXA::)I ) (4)
@ -1y

where A is the total gain of CGS, and GBW; is the gain
bandwidth product of each gain stage.

According to above formulas, there are shown that the
increasing number of the gain stages can directly achieve

LBA

Beng>=s s ST T

Fig. 3 The architecture of fully differential main amplifier
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higher gain. Consequently, the simplest way to enlarge
the cascaded gain bandwidth product is to make the
number of stages as larger as possible. However, this ap-
proach will not only result in a significant increase in the
power consumption and area, but also make a rapid ac-
cumulation of noise from the gain stage, which has a sig-
nificant impact on the amplifier circuit stability. In the
practical design, the maximum number of stages is
usually limited to below five!!!.

In the designed pulsed TOF imaging LADAR system,
the proposed FDMA needs to meet the requirements as

following: G, =20log(A,,)=20dB, BW,, =600 MHz .

tol =

For n=4, it can be calculated that the BW; should exceed
1.4 GHz and each stage should have a gain of approx-
imately 5.25 dB. Therefore, considering the gain band-
width and noise figure, the CGS which contains four the
same gain stages is designed in the paper.

3.1 Active inductor

The element structure of the main amplifier is the fully
differential cascaded stage. However, it is hard to achieve
such a wide bandwidth based on CMSC 0.5 pm CMOS
process. The active inductor technique is adopted to alle-
viate the bandwidth degradation, because the spiral in-
ductor with a high inductance will occupy a lot of area
and it is difficult to implement in CMOS process'?.. Fig. 4
shows the structure of the proposed CGS with an active
inductor load.

The simplified small-signal analysis model of the ac-
tive inductor load, which consists of a MOS transistor M,
and a resistor R, is shown in Fig. 5. Usually, there are
Co 2Cyy» Cyy2Cy, and g, >g,,, so that the Cyas
Cass» gas4 can be neglected.

The equivalent impedance of the active inductor can
be given as following!"*:

Z, = M , (5)

gm4 + SCgs4

where Z;, is the output impedance. C, is the gate-source
capacitance of MOS transistor, and gms is the
trans-conductance of MOS transistor. Therefore, the

Oo———¢ —O Voul+

o

b3} |

Fig. 4 The amplifier structure with active inductor technique

equivalent inductance L and resistance R can be calcu-
lated as following!*!:

R
S, 1 Rg(i)z +
L — wT gm4wT s R — wT gm4 . (6)
1+(2) 1+(2)
wT wT

The wr is the unity current gain angular frequency. In
order to avoid undesirable peaking on the frequency re-
sponse, the resistance R; should be designed carefully
according to the capacitive load of the following stage.
The active inductors perform an impedance of R, at low
frequency. When the frequency is sufficiently high, the
inductor L is formed by R; and Cg so that the impedance
of the gain stage is increased. The impedance change is
similar to the inductor and the frequency within a certain
range!. The gain of the common source amplifier that
has a structure of the active inductor load can be ex-
pressed as following (7):

A — gm2 — W2 /L2 (7)
v — — .
gm4 W4 /L4

The formula reveals that the stage’s gain only has re-
ceived the influences on the dimension of the input and
load transistors. Consequently, the circuit that uses the
active inductor structure has stronger capacity against to
the alteration of temperature and process. Besides, the
formula can be obtained as (8):

h(s _ gm2(1+ngCgS4)
8., +sC, +s’C,RC

g gs4

(8)

Through choosing the appropriate value of the L and R,
the bandwidth can be extended largely while maintaining
a suppressed gain peak over the frequency range. In
summary, based on the above formula, the CGS that con-
sists of four identical gain stages and active inductive load
is the optimized choice for this design.

3.2 Inter-stage bandpass filter

During chip fabrication, many non-ideal elements such
as the asymmetry layout design and slight deviations in
MOS transistor will result in DC offset, especially for

[o]

R;_If 83 Do

Fig. 5 Small-signal model of an active inductor
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cascaded differential gain structure. Since the amplifier
that uses the multi-stage cascade structure as a high gain,
the DC offset voltage which generated by the preamplifi-
er unit is amplified, resulting in a large shift of the oper-
ating point of the post amplifier"l. Even if the input dev-
iation is small, the amplification of the stages may cause
the output buffer to reach the saturation.

In order to stabilize the operating point and DC gain,
the structure of offset voltage compensation loop is re-
quired. This circuit employs capacitive coupling to elim-
inate DC offset. As shown in Fig. 6, C, and C, are DC
blocking capacitors for eliminating DC offset. My~M.s
(Mp1~Mys) are NMOS transistors with the same substrate
and source terminals to provide a self-bias voltage for the
amplifier.

O Voutt
O VoutZ

Fig. 6 The inter-stage bandpass filter of the schematic

Excessive bandwidth can cause additional noise to en-
ter the receiver, which degrades the receiver's sig-
nal-to-noise ratio (SNR). Therefore, the bandwidth of the
whole amplifier chains should be limited to a certain
range. In order to meet the needs of the LADAR system,
this work achieves an inter-stage bandpass filter by reus-
ing the DC offset isolation circuit to mitigate the problem

(a)

Ry %_| Ry
—0
Vout
O
Iy
(o2
—h

that the coupled capacitances occupy a lot of area in the
CMOS process and lead to attenuate the signal. The sim-
plified equivalent formula can be calculated as (9):
1

h= 2nR C,

where f, is the bandwidth of bandpass filter, R, is the
equivalent resistance of the NMOS transistors and C, is
C, and the parasitic capacitors of the NMOS transistors.

)

3.3 Output stage circuit

The output stage circuit is used to enhance the drive ca-
pability of the FDMA circuit, which includes two parts of
modules. The large bandwidth amplifier (LBA) stage was
employed before the output buffer (OB) to solve the
problem that the parasitic capacitance causing by the
large input transistors of OB results a reduction in band-
width"7¥l. The architecture of the CGS circuit was
adopted in the large bandwidth amplifier. It works as the
former driver stage to eliminate the side effect of the
output buffer. At last, the output buffer (OB) was de-
signed to drive the PCB transmission lines and the load
capacitance of the followed external circuit. As shown in
Fig. 7, based on actual experience, the load resistors of
the output buffer (OB) should be designed according to
the actual situation and specific package.

4 Measure results

The proposed FDMA is fabricated in a CSMC 0.5 um
2P3M Mixed CMOS technology. Fig. 8 shows the photo-
graph of the fully differential main amplifier chip with an
active area of 0.25 mmx0.25 mm, a core area of 0.16
mmx0.16 mm, and several extra pads were added for
measurement. This chip consumes a power dissipation of
102.3 mW from 3.3 V voltage supply, in which the output
buffer (OB) circuit consumes 73.2 mW. As shown in Fig.
9, the proposed chip was packaged in QFN40 and
mounted on the test printed circuit board (PCB) and Fig.
10 displays the test apparatus and the environment.

The open loop gain and bandwidth of the proposed
chip were measured by the Agilent vector network ana-
lyzer (E5071C)(Fig. 11).

(b) . T
Tl L.
0—0\/
out
Vin
O
—b/

Fig. 7 The large bandwidth amplifier (a) and output buffer schematic (b)
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gain stage i £ LBA

Fig. 8 Photograph of the fully differential main amplifier chip

Fig. 10 Test apparatus and environment
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Fig. 11 Measured S parameters with the inter-stage
bandpass filter
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Fig. 13 Measured amplitude response of the FDMA

Fig. 9 PCB test board

From Fig. 11, it can be seen that the open loop gain of
the chip is about 23.5 dB at 100 MHz, the -3 dB band-
width is 730.6 MHz. The -3 dB bandwidth is limited to a
certain range, in order to adapt the demand of the LA-
DAR system.

Figure 12 shows the measured noise spectrum from
the Agilent spectrum analyzer (N9020MAX). The in-
put-referred noise voltage of the amplifier is 2.7
nV/sqrt(Hz) at 100 MHz with the 50 Q input.

As shown in the Fig. 13, the measured response of the
FDMA with the power 1 uW and 3 ns pulse width input
in the system from the Tektronix Oscilloscope 5104B.
The Fig. 14 illustrates the measured frequency response
of the FDMA with the laser pulse frequency 10 kHz.
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Fig. 12 Measured noise spectrum of the output
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Fig. 14 Measured frequency response of the FDMA
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5 Conclusion

An integrated a fully differential main amplifier for
pulsed TOF imaging LADAR system with high band-
width and low noise has been proposed and fabricated in
CSMC 0.5 pm CMOS technology. The FDMA includes
proposed cascaded gain stages, which enhance wide
bandwidth performance, a large bandwidth amplifier
(LBA) and an output buffer (OB) and the bandpass filter.
The four levels cascaded architecture and active inductor
technology are used to overcome the inadequate band-
width problem and reduce the chip area under conven-
tional process. By using the inter-stage bandpass filter,
the -3 dB bandwidth is limited to improve the SNR, in
order to meet the demand of the LADAR system. The
measurement results have confirmed that the proposed
FDMA chip achieves the -3 dB bandwidth of 730.6 MHz,
and an open loop gain of 23.5 dB with the bandpass filter
worked. The input-referred noise voltage is 2.7
nV/sqrt(Hz), which effectively reduces the system noise.
This chip that occupies 0.25 mmx0.25 mm area con-
sumes a power dissipation of 102.3 mW from the 3.3 V
power supply. As a part of the integrated chip of the laser
radar system, it can better meet the requirements of sys-
tem.
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Overview: As an active optical remote imaging technology, the laser detection and ranging (LADAR) system shows an
enormous potential in industrial and civil applications with the rapid development of unmanned aerial vehicle (UAV),
and so on. Recently, LADAR are constantly developing towards integration, miniaturization and arraying in order to
achieve higher detection and wider range of application. For the whole detection system, the performance height of the
receiver circuit can directly determine the application height of the system. The amplifier receiver of the LADAR system
which converts the small optical pulse signal into an electrical pulse mainly includes two parts: a photoelectric detector
and the analog front-end circuits. Since the transmit power of the pulse laser are limited and considering the safety of
human eyes, in active imaging systems the performance of the amplifier receiver becomes a critical issue. Therefore, a
high-performance main amplifier is a key component to the LADAR system. This paper presents a high bandwidth and
low noise fully differential main amplifier (FDMA) for the pulsed time-of-flight (TOF) imaging laser detection and
ranging application, which is used to amplify the small pulse echo signal. To meet the entire system bandwidth re-
quirements, the four levels cascaded architecture and active inductor technology are designed to enlarge the bandwidth
of the circuit and reduce the chip area. The cascaded gain stages, which adopted DC offset isolation circuit, are more
robust to the alteration of process and temperature compared to the traditional structure. A large bandwidth amplifier
(LBA) and an output buffer (OB) structure has been designed to enhance the drive capabilities. Besides, in order to
adapt the demand of the LADAR system, the amplifier receiver’s bandwidth has been limited to improve the SNR by use
of the inter-stage bandpass filter which reuses the DC offset isolation circuit. For the temperature variation of -40 C to
85 ‘C, the simulated results have confirmed the performances of the high bandwidth and low noise fully differential
main amplifier. The proposed design was implemented and fabricated in CSMC CMOS technology. The measurement
results show that the chip realizes the -3 dB bandwidth of 730.6 MHz, and an open loop gain of 23.5 dB with the band-
pass filter worked. The input-referred noise voltage is 2.7 nV/sqrt(Hz), which effectively reduces the system noise. This
chip that occupies 0.25 mmx0.25 mm in area consumes a power dissipation of 102.3 mW from the 3.3 V power supply.
As a part of the integrated chip of the laser radar system, it can better meet the requirements of system and it shows
good performance.

Citation: Jiang Y, Liu R Q, Zhu J G, et al. A high-performance CMOS FDMA for pulsed TOF imaging LADAR system[]].
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