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Abstract

This paper describes a new approach for designing analog predistorters that can compensate for

the nonlinear distortion of laser drivers in a radio-over-fiber ( RoF) system. In contrast to previous

works, this paper analyzes the transfer characteristics of CMOS transistors, by combining parallel

currents of CMOS transistors in various W/L and negative bias voltages to realize the tunable analog
predistortion function. The circuit is fabricated by a standard 0. 18 um CMOS technology. The core

circuit current consumption is only 15mA and the entire driver circuit works in a band-pass from 1 ~

2.2GHz. Experimental results of two-tone tests have shown that with an analog predistortoer the 11P3

of the laser driver circuit has an improvement of 4. 91dB.

Key words: radio-over-fiber ( RoF), nonlinear, analog predistorter, parallel combination,

MOS transistor

0 Introduction

The fourth generation mobile communication
(4G) networks are distinguished by their use of RoF
technology. In cellular network, the base station can
produce nonlinear signals through photoelectric conver-
sion. In particular, the laser driver works nonlinearly
in the high power environment and can seriously distort
the orthogonal frequency division multiplexing
(OFDM) signals. Therefore, negative feedback, feed-
forward and predistortion methods have been proposed
to overcome nonlinear distortions "', Among the tradi-
tional topologies, the feedback technique has the dis-
advantage of instability and bandwidth limitation.
Meanwhile, feedforward technique has good linearity,
but due to its bulk, it is an inefficient and expensive
solution*7

Among various linearization techniques that have
been developed, analog predistorters have been widely
used in microwave and RF applications due to their low
power consumption, simple circuit configuration, wide
bandwidth and inherently open loop structure "*'%'.

Distortion is diverse in different conditions. Single
characteristic predistorters cannot adapt to multivariate
working environments. In this paper, a flexible analog
predistortion technique is presented. Through analyzing
the transfer characteristics of MOS transistors, using a
parallel combination technique to set different W/L and

bias voltages, to control the slopes and flexion points of
the predistortion module output transmission character-
istic curve easily. Therefore, this laser driver is adap-
tive to any kind of laser diodes working under different

: [11]
circumstances .

1 Tunable analog predistortion techniques

1.1 Analog predistorter

The principle of the analog predistortion is to in-
sert a predistortion module ( which is also nonlinear)
preceding the nonlinear laser diode. As Fig. 1 shows,
the transfer function of this predistortion block must be
designed to have an exponential property to make the

transmission procedure remain linear.
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Analog Predistortion

Laser Driver

Fig.1 Block diagram of the analog predistortion circuit

As shown in Fig. 1, a( Vi) represents analog pre-
distortion and f(a) represents the laser driver, which
requires correction. The key to designing analog pre-
distortion is to get the a( Vi) and achieve the a( Vi)
with an actual circuit.
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Assuming that the transfer function of the laser
driver circuit is

H,Gw) =1 H,Gw) | V¥ (1)

Assuming that the transfer function of the analog

predistortion circuit is

. K )
H = - = )\ J 2
»(jw) [HA(J'w)] (2)
Therefore, the overall transfer function is
H(jw) = H,(jo) x H,(joo) = K (3)

From the above equation, a linear relationship can
be found between the output signal of the laser driver
with an analog predistortion driver and an input signal.

1.2 Parallel combination
The drain current of a MOS transistor operating in
the saturated region is determined by

1, = %/"LHCUX %( Vs — VT]1)2 (4)

From the above equation, the growth characteris-
tic of V4 is a quadratic function of /,), which can offer a
reverse output characteristic of the laser diode. Howev-
er, the nonlinearity of the laser driver affected other
factors and it cannot compensate for a single MOS tran-
sistor alone. As can be seen in the above equation, a
W/L varies and it can generate different inclinations
and transmission curves as show in Fig. 2 (a). Be-
sides, in the case of the threshold voltage of single
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Fig.2 MOSFET transmission characteristic curves with

MOSFET does not change, adding a negative bias volt-
age before V), shifts the starting point of the I-V char-
acteristic curve, which proportionally increases with
the bias voltage and changes the [-V characteristic
curve of the starting point, as shown in Fig.2 (b).

Two graphs above show that combining the two
curves can result in a parallel combination linear
curve. Finally, the predistortion signal is generated
using multiple controls, as shown in Fig. 3,

A

Predistorter

Predistorter = W /L + Vds_

The drain current of MOSFET (I,)

\

The drain-source voltage of MOSFET (V)

Fig.3 Predistortion characteristic curves schematic diagram
of MOSFET parallel combination

2  Proposed analog predistortion topology

2.1 Fundamentals of the analog predistorter
Fig. 4 is the schematic diagram of the N class cur-
rent output array circuit. VMODE is the input node of
modulation voltage, which controls the output current
by transmitting the signal from VMODE to the gate of
transistors MN1-MNn through the RC high-pass net-
work. Meanwhile, bias voliage ( Vbiasl-Vbiasn) con-
trols the gate voltage of MN1-MNn and switch voltage
( Switchl- Switchn) controls the on/off of switch tran-
sistor MNS1- MNSn.
IMODE1

o

o e

°—| MNS1 0—{ MNS2 0—{ MNSn
Switch1 H Switch2 [:1 Switchn l:‘

Fig.4 Schematic diagram of current output array circuit
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As shown in Fig. 5, the core component of the la-
ser driver consists of a main amplifier and an auxiliary
amplifier. To provide the DC bias input signal and the
laser modulation input signal, the laser driver circuit
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must have a “bias” current and a “modulation” cur-
rent respectively. The main amplifier and auxiliary am-
plifier drive two groups that modulate the output current

array and provide the input current of the laser driver.
Furthermore, modulating the output array can realize
predistortion through current parallel combination.

nonlinear predistortion
modulation efficiency control

/

main/auxiliary
amplifier

current modulating|

> Laser
]

Low noise bandgap reference
bias circuit

DC bias output

output array |
A

test data
generate circuit

power control

Fig.5 Block diagram of the laser driver circuit with predistortion function

2.2 Design of main amplifier

The overall laser driver circuit with an analog pre-
distortion function consists of a main circuit and an
auxiliary circuit. The schematic of the main circuit is
shown in Fig. 6. VBIAS, IBIS200pA and IBIASImA
connect the bias voltage output and current output of
low noise bandgap reference bias circuits respectively.
R1 and R2 provide 50 Ohm impedance matching and
constitute DC insulated matching networks with C1 and
C2. The buffer stage (M4 ~M7) reduces the load ca-
pacitance of the front stage, provides a great deal of
voltage-controlled current and increases driving capa-
bility for the latter stage. The current mirror circuits

(M6, M7 and M9 ) provide a bias current by mirror
amplifying the current generated by the input node IBI-
AS200pA to the buffer stage. For providing the linear
characteristic of the circuit, the main amplifier (M1 ~
M3, R3 and R4) are chosen as large-scale devices
that provide large bandwidth with linear resistance.
The current mirror circuits ( M3, M8) provide bias
current by mirror amplifying the current generated from
input node IBIASImA to the amplifier. The high-pass
network of the main amplifier (C3, R6, C4, and RS)
transmits the AC modulation voltage to the gate of DC
bias voltage. M10 ~M13 constitutes the current modu-
lating output array of the main circuit.

VDD
2R3 R43 3 R7 RS %
e VOUTP C10
I — VOUTN
a c2 &
VINP'—H—-'—”:M4 Msjl———u—- VINN
:r1 HLM  M2]4 r22IBIAS200uA
-—Hl_i_/llo_o L| M10_1'—1EM12_0 121 ||_'__M25 "m27
VBIAS
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L-”'—'M6 M7:| MRS I: ERO |: SWITCHDCK1> | SWITCHDC<2>
—M11_o—[mi1_i M13_0—|| M3.1 M26 M28
M —{M3 |IMODBIAs A o - g—”: 32R1.6_|
SWITCH_A<0> A
SWIT|CH_A<1>

Fig.6 Main circuit of the analog predistorter

IMODBIAS _ A provides a variety of DC bias for
the current modulating output array to control the
threshold voltage of the array and achieve the output
characteristics of the parallel combination. SWITCH _
A <1> and SWTCH _ A <0 > provide the switch volt-

age for the current modulating output array to control

the binary switch on/off and complete the effort of ad-
justing the output slope. IDCBIAS, SWITCHDC <1 >
and SWITCHDC < 0 > provide DC bias and switch
voltage for the DC current output arrays respectively.
The auxiliary circuit has the same structure as the main
circuit except for the DC current output array.
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2.3 Design of bandgap reference bias circuits

The noise of an optical communication system is
minimal for meeting a high speed environment. The
noise of a drive circuit and the ability for resisting the
power interruption are restricted by a bandgap refer-
ence bias circuit. Therefore, realizing a low noise,
high PSRR CMOS bandgap reference bias circuit can
greatly enhance the performance of the entire laser
driver circuit.

Fig.7 shows the low-noise bandgap reference bias
circuit. The circuit design consists of five main parts:

a negative temperature coefficient current mirror cir-

cuit, a positive temperature coefficient, a bias voltage
output circuit, a bias current voltage output circuit and
a noise suppression circuit.

The bias voltage output circuit adds the current
mirror circuit of the positive temperature coefficient and
negative temperature coefficient and turns it into the
temperature- independent current and flow linear resis-
tors RS to convert voltage. Meanwhile, MN8 connects
the form of capacitance to filter out AC interference and
stabilize the output stage. The key idea of the noise
suppression current mirror circuit is to utilize the differ-
ence of small signal characteristics between resistance
and MOS to suppress AC noise while mirroring DC.
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Fig.7 Low noise bandgap reference bias circuit

3 Implementation and experimental results

To support data transfer rates up to 1Gbps, IMT-
Advanced choses 450 ~470MHz, 698 ~806MHz, 2.3
~2.4GHz and 3.4 ~ 3. 6GHz as the four frequency
bands of the IMT-Advanced systems. To distinguish
four-channel MIMO signals from photoelectric conver-
sion modules, BBU ( base band unit) + RRU (re-
mote radio unit) are adopted to convert the signal to
four tentatively identified intermediate frequencies
(IF). 1.1GHz, 1.3GHz, 1.5GHz and 1.7GHz.

The rationale behind this method is to use the
photoelectric conversion module, which has the 1 ~
2GHz work dynamic range. Moreover, this method can
distinguish signals by adopting a different IF wave car-
rier.

The design is fabricated in UMC 0. 18 um CMOS
technology and simulation is carried out in the Cadence
Spectre environment. Simulation waveforms are shown

in Figs8 ~10.
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Fig.8 Simulation of temperature characteristics

The measurement results of the temperature char-
acteristics are represented in Fig. 8. The change of ref-
erence voltage is SmV in the measurement range of
-40°C to 100°C.

As Fig. 9 shows the entire circuit has a - 3dB
bandwidth from 250MHz to 2.4GHz and a gain of
13.3dB. Because the circuit works in the band of
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1 —2GHz after BBU + RRU in RoF, thus the band-

width can meet the requirement of the design target.
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Fig.9 Simulation of entire circuit for AC response

As shown in Fig.10, a 2G transient source is
used for simulation and the maximum value of output
voltage is 1.42V, the minimum is 1V, and the two
curve intersection point voltage is 1. 17V. Because the
gain in output signal approximates high potential over
low potential, the circuit meets the predistortion non-
linear requirements.

Transient Response
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Fig.10 Simulation of transient waveform

The chip micrograph of the laser driver is shown
in Fig. 11. The left part of the layout is the bandgap
reference and the right part is the laser driver circuit
with the analog predistortion linearizer. The chip size

is 1424pm x 912pum including all AC and DC bond
pads.

Fig.11  Chip micrograph of the proposed laser driver

Fig. 12 shows the measured S21 parameters of the
laser driver and reveals that the chip can work at a
band-pass from 1 ~2.2GHz. Compared to the simula-
ted result in Fig. 9, the low frequency gain drops faster
than simulated, which is possibly due to EM radiation
loss, silicon substrate loss and process variations.

VIl 521 Log Mag 10,0005/ Raf 0.000dB
0.00
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2 2.2492681 GHz -14.54 dB
0,00 [P 934.B5654 Mz -14 850 db
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Fig.12 Measured S21 parameters of the laser driver

Fig. 13 shows the result of the measured transient
response, the waveform clearly shows that the gain of
output signal in high potential is larger than that in low
potential. Compared to the simulated result in Fig. 10,
the potential difference is smaller than simulated,
which is possibly due to the inaccurate noise model,
additional parasitic elements and substrate noise losses
factored in simulation.

fise tine(le) Fall time(ls)  Period(lv)
2

Current 2. ns g ns. 9.99197 ns
Mean 2.8383111 ns  2.6914647 ns  10.8008456
Min  2.15966 ns 1.84755 ns. 9.81446 ns
Max__ 3.71658 ns 3.43182 ns 10.14334 ns

Fig.13 Measured transient response of the laser driver

Fig. 14 shows the measured power spectrum densi-
ties (PSDs) of the laser driver circuit using a two-tone
test. Fig. 14 (a) shows the PSDs of the laser driver
without the analog predistorter and the IIP3 of the cir-
cuit is 1.38dBm. Fig. 14 (b) shows the PSDs of the
laser driver with analog predistorter respectively and
the IIP3 of the circuit is 6. 29dBm. Thus, by inserting
the analog predistorter module, the linearity of the cir-
cuit has improved obviously.
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(b) With analog predistorter

Fig.14 Measured PSDs of the laser driver

4 Conclusions

A novel tunable analog predistortion method for an
integrated laser driver circuit is proposed. The slopes
and flexion points of the predistortion module output
transmission characteristic curve can be easily con-
trolled by setting different W/L. and bias voltage. The
core circuit is fabricated using a standard 0. 18um
CMOS technology. The measured circuit performance
approximates to design specifications. The chip works
well at a band-pass that ranges from 1GHz to 2.2GHz
and consumes only 15mA DC current. As transient
analysis demonstrated, the circuit has good nonlinear
compensation effect and two-tone tests have shown that
IIP3 of the entire circuit is improved by 4.91dB.
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