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Optical Polarization Division Multiplexing at 
4 Gb/s 
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Abstract-This letter describes an optical polarization multi- 
plexing system using BPSK coherent heterodyne detection to 
transmit 4 Gb/s over a 45 km standard single-mode fiber optical 
link at a receiver sensitivity of -35 dBm. 

INTRODUCTION 
One of the challenges associated with the optical transmis- 

sion of multigigabit/second signals is to identify approaches 
for circumventing the electronic bottleneck caused by the 
unavailability of ultrahigh speed integrated circuits required 
for time-division multiplexing. Subcarrier multiplexing 
(SCM) [ 13 and wavelength division multiplexing (WDM) [2] 
are attractive options for overcoming the electronic data rate 
limitations imposed on baseband lightwave transmission. A 
third multiplexing technique that can double the total data 
throughput of baseband, as well as SCM, and WDM systems 
is to use optical polarization division multiplexing [3] - [5]. 
We are distinguishing between polarization shift keying 
(POLSK) and polarization division multiplexing (PDM). 
POLSK is used to transmit the bits from a single-word 
generator in either one of two polarization states [6] or on 
multiple polarization states [7]. PDM uses independent data 
sets on each of two orthogonal optical polarization states to 
double the total data throughput. Previous investigations into 
PDM included the transmission 4 Mb/s with amplitude- 
shift-keying over 1.2 km of polarization-maintaining fiber 
131, a proposal for polarization and WDM for bidirectional 
subscriber loops [4], and a theoretical investigation into 
polarization multiplexing [5]. 

In this letter we describe a 4 Gb/s optical polarization 
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multiplexing system using independent 2 Gb/s BPSK data 
sets transmitted on each of two orthogonal states of polariza- 
tion (SOP), and received with coherent heterodyne detection. 
The polarization dependence of coherent detection was used 
to select either one of the orthogonal 2 Gb/s data sets. A 
receiver sensitivity of - 35 dBm at 4 Gb/s was achieved over 
a 45 km standard single-mode fiber optical link. It should be 
pointed out that this is a baseband BPSK system and not SCM 
transmission as we have reported on in the past. 

SYSTEM DESCRIPTION 
A schematic diagram of the optical transmitter is shown in 

Fig. l(a). The linear-polarized light from a single transmit 
laser was split and sent to two optical modulators. The 
optical modulators were Ti: LiNbO, phase modulators with a 
V, of 7.5 V, a 3 dB bandwidth of 14 GHz, and a fiber-to-fiber 
insertion loss of 4 dB [8]. The light sources used at the 
transmitter and local oscillator (LO) at the receiver were both 
1.3 pm diode-pumped Nd: YAG lasers. A half-wave plate 
was used to control the polarization of the light input to the 
optical modulators. The data sent to the optical modulators 
was derived from independent bit-error-rate test sets. Each 
data stream was amplified with a driver amplifier and power- 
combined with the 2 GHz system clock. The system clock 
was added to the data as a pilot-tone to be used by the 
receiver for optical beat intermediate frequency (IF) carrier 
and clock recovery. The two BPSK modulated light signals 
were then combined in a polarization combiner. Each arm of 
the combiner only properly couples through one SOP. The 
proper SOP was acquired by rotating the polarization-main- 
taining fiber from the optical modulator with respect to the 
polarization-combiner fiber. The two combined orthogonal 
SOP’S were then transmitted over 45 km of standard single- 
mode fiber. 

The transmitted signal was heterodyne detected at the 
receiver, shown in Fig. I(b). The SOP of the receiver LO 
laser was rotated with a half-wave plate and a quarter-wave 
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Fig. 1 .  (a) Schematic diagram of the 4 Gb/s optical polarization division 
multiplexing transmitter. (b) Schematic diagram of the coherent heterodyne 
detection optical receiver. 

plate to select either one of the two transmitted SOP’S. The 
two outputs of the 2 x 2 optical coupler were each sent to 
wide bandwidth p-i-n photodiodes. The use of two photodi- 
odes allowed the electronics for BPSK demodulation and the 
IF carrier and clock recovery electronics to be independently 
optimized. While BPSK avoids transmitter differential encod- 
ing, as required for DPSK [9], the data must be coherently 
demodulated. The amplified signal from one photodiode is 
sent directly to the demodulator mixer. The demodulator IF 
reference carrier, the LO laser phase-locking reference for 
automatic frequency control (AFC), and data clock were all 
derived from the pilot-tone signals using the IF carrier recov- 
ery circuit shown in Fig. 2(a). 

The coherent or synchronous data demodulation reference 
and LO laser AFC are often derived from the residual optical 
carrier resulting from incomplete optical phase modulation 
[lo]. An alternative method is used here. As shown in Fig. 
2(a), the IF carrier, clock, and AFC reference signals were 
derived from the received pilot-tones at 8 and 12 GHz. Fig. 
2(b) sketches the received electrical power spectrum and 
shows the data and clock pilot-tone at + 2  GHz about the IF 
at 10 GHz. Isolating and mixing the two received pilot-tone 
signals resulted in a term at twice the transmitted clock or 4 
GHz. A frequency-halver recovered the 2 GHz data clock 
thus eliminating the need for a conventional clock recovery 
circuit. The 10 GHz IF was determined by mixing a phase- 
locked version of the 8 GHz signal with the recovered 2 GHz 
clock. The LO laser was phase-locked by comparing the 
received 8 GHz pilot-tone signal to an 8 GHz external 
standard. The output of the first-order loop filter was sent to 
the LO laser controller resulting in k 2 0  Hz of IF stability. 
The degree of stability is a function of the quality of the 8 
GHz external standard. 

DISCUSSION 
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Fig. 2. (a) IF carrier recovery circuit used to derive the receiver signals 
from the transmitted clock pilot-tone. (b) Sketch of the received electrical 
power spectrum showing the data and clock pilot-tones at f 2 GHz about the 
optical beat frequency. 

mismatch or deviations from orthogonality caused by polar- 
ization dispersion is given by, 

crosstalk (dB) = 201og (cot ( A a ) }  (1) 

where A a  is the LO laser SOP mismatch. The crosstalk is 
L 25 dB when A a  5 3.0”. A crosstalk ratio of 25 dB should 
cause less than 1 dB of receiver sensitivity penalty. At 
standard single-mode fiber lengths exceeding 45 km, the 
relative SOP rotates slowly so that the polarization crosstalk 
varies on a time scale of several seconds to minutes; how- 
ever, the two polarizations remained orthogonal at distances 
exceeding 50 km. This slow polarization rotation could be 
easily tracked and compensated using an automatic control 
method [ 111. 

RESULTS 
The bit error rate (BER) as a function of received optical 

power ( q P )  is shown in Fig. 3 for 3 m, 12 km, and 45 km 
single-mode fiber lengths. A word length of Z7 - 1 was used 
due to limitations of available driver amplifiers. The polariza- 
tion crosstalk was observed by transmitting on one SOP at 2 
Gb/s and then adding the second SOP to achieve 4 Gb/s. At 
3 m, the polarization crosstalk penalty was less than 0.1 dB. 
The 4 Gb/s 45 km data at a BER of shows the receiver 
sensitivity was - 35 dBm with the polarization crosstalk 
causing only a 0.5 dB penalty. The eye-diagram at a BER of 
lop9 over the 45 km link while transmitting both SOP is also 
shown. The shot-noise limit for the ideal BPSK receiver is 
-49.5 dBm or 36 photons/bit [9]. The measured receiver 
sensitivity could be improved by 3 dB by employing a 
balanced optical receiver and an additional 2 dB by increas- 
ing the LO power for a potential sensitivity of -40 dBm. 
The remaining penalty consists of nonideal microwave elec- 
tronics. 

SUMMARY 
Assuming the received signals were nearly linearly polar- 

ized, the polarization crosstalk caused by LO laser SOP 
The polarization division multiplexing technique can be 

used to double the total data throughout of baseband systems. 
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Fig. 3. Bit error rate (BER) as a function of received optical power over 3 
m, 12 km, and 45 km standard single-mode fiber lengths. The 2 Gb/s data is 
for one SOP and the 4 Gb/s is for both SOP. The eye-diagram was taken for 
the 45 km link while transmitting both SOP at a BER of The scale on 
the eye-diagram is 200 mV and 200 pS per division. The optical power, 
doubled for both SOP, is measured at the input of the 2 x 2 optical coupler 
in Fig. I(b). 

PDM was used here to transmit two BPSK 2 Gb/s data 
streams and a clock pilot-tone over a 45 km single mode fiber 
link achieving a receiver sensitivity of -35 dBm with less 
than 0.5 dB of SOP crosstalk. The 4 Gb/s system has a 
potential receiver sensitivity of - 40 dBm while using 2 Gb/s 
baseband electronics. 
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