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A Mobile Broad-Band Communication System
Based on Mode-Locked Lasers

Clemens H. von Helmolt, Udo Kiger, Kirsten Kdager, and Gerd Grosskopf

Abstract—A concept is proposed for a pico-cellular network for

broad-band mobile communication on a millimeter-wave basis. to other cells
How microwave optical-signal-processing techniques based on

mode-locked lasers (MLL's), optical modulators, and high-speed  to other MsCs \\ //
photo diodes (PD’s) can advantageously be applied in the optical ~and networks

feeder lines of a pico-cellular network at 60 GHz is investigated.
The external cavity MLL (at 81.25 GHz) used for the experiments MsC
showed an single-sideband (SSB) phase noise 669 dBc/Hz at //

100-Hz offset, when actively locked at 6.25 GHz. With the PD,
and limited by the V-band mixer equipment, spectral harmonics
up to 100 GHz could be detected. For the downlink configuration,
a 400-MHz subcarrier is modulated with a 155-Mb/s data signal
and upconverted to 62.9 GHz using an MLL and a fast PD. The
upconverted sideband at 62.9 GHz was received with an optical
power of —14.3-dBm at a bit-error-rate (BER) equal to 10°°
without any additional penalty due to transmitting the signal over

3 km of optical fiber. BER measurements at 155 Mb/s down to . . .
10-"" were made. For the uplink, the digitally encoded RF signal downlink, because fiber techniques are able to carry a great

is downconverted also by optical microwave signal processing. data bandwidth with low transmission losses.
A 155-Mb/s data encoded 19.21-GHz signal is downconverted However, the connection from the MSC to a BS and vice
to 460 MHz using a mode-locked laser, an optical modulator, versa is also performed by a laser as transmitter, a transmission
apd ‘;fgo('j'\é"'z %FIJ_:ti’gal feC?iveflfgg't _e”g- A receiverdsenshitivri]ty fiber, and a photo diode (PD) as receiver. It is expected to save
(r:wicrowéve sig]nafll beingthrJ:nstr?witted )O\IISer :T—Omnsrt;ciitii Iir\;\liltantd% costs if Fhe Iaser/fiber_/PD combination is not only used _for
km of optical fiber. transmitting the data signal, but also to translate the data signal
into the microwave range in the downlink and to downconvert
the microwave signal in the uplink.

For the downlink, different approaches for the optical gen-
eration and distribution of millimeter waves have been investi-
[. INTRODUCTION gated so far. The highest frequencies at which the lasers in spe-

UTURE mobile-communication systems should suppofi@l arrangements can be modulated are in the region between
data rates of 155 Mb/s and more, and because of the—45 GHz [1], [2]. For the implementation of millimeter-
limits in available bandwidth at centimeter-wave carrier frevave systems with frequencies above 50-GHz, optical het-
guencies, the 60-GHz band is favorable. Due to the strofEPdyning is a promising technique in which two optical
oxygen absorption in the 60-GHz band, small cells can Wgaves with a frequency spacing corresponding to the desired
realized, potentially yielding a high frequency-reuse. Since thllimeter-wave frequency are heterodyned. The millimeter-
penetration depth at such high frequencies is small, in-hog¥ave signal is obtained at the output of the optic/millimeter-
communication neighbor rooms are isolated by the walls. Wave converter, mainly comprising a high-speed photo detec-
The mobile network consists of a cluster of cells antpr- In principle, the optical waves can be emitted either from
a mobile switching center (MSC) serving mobile users vivo separate lasers (multiple optical-source technique [3]-[5]),
base stations (BS’s). The MSC has to manage all traffic aftl by use of special arrangements from one laser (single
needs connections to all BS’s of its cluster, to all neighb@ptical-source technique) like modulation-sideband technique
MSC's, and the public network. Fig. 1 shows a basic linf6l. dual-mode laser [7], harmonic upconversion in nonlinear
structure in order to connect the mobile units (MU’s) locatel@sers [8], [9], mode-locked lasers [10], [11], or pulsed lasers
in one cell with the MSC. All connections to and from thd12]. With the different generation methods, the millimeter-

MSC are in fiber technique with separated lines for up- arf¥gve signal depicts different properties concerning applicable
modulation formats, phase noise [13], tunability, and sensitiv-
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Fig. 1. Basic link structure, with BS= base station, MSC= mobile
switching center, and MU= mobil unit.
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Possible photonic solutions for microwave optical mixing are 0
reported in [15]-[18] using two intensity modulators. A more
general overview of optical-microwave signal processing is
given in [19]. -20 1
In our system concept mode-locked laser (MLL) transmitm
ters are used both for the upconversion to millimeter-wavg
frequencies in the downlink and for the generation of a LGE
signal, which is used for the downconversion in the uplink. Fog
the downlink, there is a mode-locked laser (MLL) in the MSC3  -60 -
and a high bandwidth PD in the BS. The PD generates ti#e
microwave frequency by heterodyning the frequency comb of
the MLL. The information band on an intermediate frequency
(IF) subcarrier is applied at the MSC by direct modulation of

passive
maode locking

40

active

-80 - mode locking

L — T T 1 T T T T
the MLL. For the uplink, we propose a remotely biased optical 81.246  81.248 81-259 81.252  81.254
modulator at the BS leading to a mosfhassiveBS without frequency in GHz .
any millimeter-wave oscillator and optical transmitter. Fig. 2. Electrical PD spectra for an active and passive MLL at 81.250 GHz.

The main advantage of the proposed system concept is that
no (for passive mode locking) or only Bwer millimeter-
wave-frequency oscillator (typicat10 GHz for active mode
locking) is necessary for generating signals in thigher

nearly transform limited pulses ok1-ps width [21]. Its
repetition rate is set to 6.250 GHz, being locked to an HP
o . 83650 synthesizer.

m|I!|meter-wave-frequency range (up to _100 GHz, ma|_n|y Fig. 2 shows the electrical output spectra of a fast PD at
limited by the speed of the PD)'. For agnve mode IOCkm%l.ZS GHz detecting the light emitted by the MLL. For these
the MLL performs am-.tupler function, Wh'Ch means that themeasurements, the electrical signal is downconverted with a
voltage-controlled oscillator (VCO) driver frequency (set tQ/_pand mixer and an LO set to 72.5 GHz. The IF at 8.75

the repetition rate of the MLL) is only theth part of the GHz is then measured with a spectrum analyzer with 1-kHz

desired millimeter-wave frequency. resolution. The signal-to-noise ratio is alway46 dB. In the

. A further advantage results from the application of a SUb?‘ﬂbper curve, the MLL is passively mode locked, whereas in the
rier, which allows every modulation format and, by SeIec'“nf?)wer curve the laser is actively locked. In the latter case, close

different subcarrier frequencies, also allows additional trar@— the carrier, the phase noise of the synthesizer dominates,

mission capacity for up- and downlink if the linearity an hereas for frequency offsets above 50 kHz from the carrier

dylnarrggltrlequtlret:]ents can btedm_eft. tion band. the el tthe MLL determines the total phase noise. This was confirmed
n adaiton 1o the upconverted information band, the electii separate measurements at 81.25 GHz resulting in a measured
cal downlink signal at the BS contains discrete spectral lines

le-si B) ph i —70 dBc/H
multiples of the MLL repetition rate. An appropriate line ca s&fﬁg e-sideband (SSB) phase noise-c9 and 70 dBc/Hz

. . . t 100-Hz and 100-kHz offset frequencies from the carrier,
be selected and used as an LO signal for the uplink m'"'meterﬁ'spectively q

vvfa':/he trecel\{er at the BtS.I V\gth thde u'?."”'? IF ((j)ultptut signal The relative intensity noise (RIN) and the noise of the MLL
of that recewver, a remotely biased optical modufator can B‘? the fundamental are reported in [20], a general overview

driven in order to allow transmission to the MSC. . . . S .
. . : over MLL configurations and their properties is given in [22].
Alternatively, if high-speed optical modulators would be- 9 prop g [22]

come available at moderate costs, a photonic mixing technique
for millimeter-wave downconversion could be applied [19],
[20]. In order to demonstrate the feasibility of the proposed sys-

A dispersion-shifted fiber (DSF) for the feeder line idem concept, transmission experiments were made applicable
necessary to minimize the dispersion pena|ty using ap/ﬂns_ to the downlink situation with fiber-optic UpconverSion and
MLL as the optical source. With a 1,8m MLL as the optical to the uplink situation with fiber-optic downconversion. In A
source, the DSF can be replaced by a standard single-m@@é B, the experimental results for the downlink are given
fiber. for external and direct MLL modulation, respectively. The

In this paper, we present key experiments for the Syst&ﬁternal modulation [23] with imprOVed results is reported
concept mentioned above. In Section II, the MLL propefere in order to allow a comparison with the results of the
ties and the spectral properties of the optically generatéect MLL modulation. For the uplink, experimental results
millimeter-wave signals are discussed. Section Il deals wiif€ reported in C related only to a photonic-mixing technique.
transmission experiments for the downlink and the uplin@hese experiments were performed in order to allow for future
Finally, in Section IV we present a short conclusion. comparison with electrical mixing experiments.

Ill. T RANSMISSION EXPERIMENTS

A. Downlink Experiment with External Modulation of the MLL

Il MLL The principle of the downlink transmission setup is shown in
The external cavity MLL used in our experiments comprisdsig. 3. The MLL is actively locked, and its center wavelength
an 150-line/mm grating and a saturable absorber. It generaigeduned to 1542 nm, which corresponds to the dispersion
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Fig. 3. Principle of the transmission setup for the downlink experiment with
external modulation.
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minimum of the DSF. The output signal of the MLL is fed -20
to an optical intensity modulator (Mod.). The information
to be transmitted over the radio channel is supplied by the i
pattern generator feeding a 155-Mb/s differentially encoded s  -30 |-
nonreturn-to-zero pseudorandom bit sequence (NRZ PRBS)Z 35
into a double-balanced mixer. This mixer generates the dif- 5
ferentially coherent binary PSK (DBPSK) signal [24] on &) % I
400-MHz subcarrier supplied from a synthesizer. The short g_ -45 |
pulses of the MLL are intensity modulated with the DBPSK @ i
signal and subsequently transmitted over 3-km DSF to bek L
detected by a fast PD (NEL KEPD1310VPG). The amplitude -55
modulated sequence of short electrical pulses at the output of

the PD has spectral components up to frequensit30 GHz.

One DBPSK sideband is detected by tieband receiver and Fig. 4. (a) Electrical spectrum after the photo diode. (b) IF spectrum after
is fed to the error detector after demodulation in the DBPSKe V-band receiver.

demodulator.

In order to compensate the 10-dB insertion loss of the ‘ ! !
external modulator (HP 83422A), the insertion loss of the PRBS 221
fiber, of the attenuator used for bit-error-rate (BER) mea-
surements, and of the various optical connectors, the MLL
output signal of—13 dBm is boosted by an erbium-doped
fiber amplifier (EDFA) followed by a 1-nm optical bandpass
filter. These details are not shown in Fig. 3, but a comparable
MLL—-EDFA-filter configuration can be found in [23, Fig. 3].

The spectra of the signals at pointsand 4 in Fig. 3 are
shown in Fig. 4(@) and (b), respectively. In Fig. 4(a), the
spectrum of the transmitted signal is displayed between 0-22
GHz, when measured at the electrical output of the photo
diode. The three strong discrete comb lines at 6.25, 12.5, and 0 i
18.75 GHz, respectively, are generated by the photo detection 12 i , . . §
of the optical pulses. At 400 MHz and symmetric to each comb 200 -175 -150 -125 -10.0
line with 400-MHz offset, the modulated sidebands of the detected optical power/dBm
DBPSK subcarrier appear. The spectral components Cemeﬁ%ds BER measurements for the downlink experiment with external mod-
at 0.8, 1.2, and 1.6 GHz belong to the second, third, and foutBtion.
harmonic of the modulated subcarrier. These harmonics come
up because of the strong driving of the optical modulator witliHz. The detected IF spectrum is shown in Fig. 4(b). In
its sin?-shaped characteristic. Due to the electrical modulatigig. 5, the BER (PRBS22® — 1) is shown versus average
format, all even harmonics are reduced to discrete lines. Adptical power. A sensitivity of—~15 dBm for a BER equal
baseband spectral components find their replica symmetrict¢o10-? was achieved. Compared with the back-to-back mea-
each comb line. surement, there is no penalty observed due to transmitting

The V-band receiver in Fig. 3 consists of a waveguidthe signal over 3 km of dispersion shifted fiber. However,
mixer (Spacek MV-U) and an LO realized by a Quadruplean (uncritical) adjustment of the MLL center wavelength to
(HP 83557A) driven by an HP 83623 synthesizer. In ordéhe dispersion minimum of the DSF is required in order to
to detect the upconverted sideband at 62.9 GHz, the laDoid interference effects at millimeter-wave frequencies due
frequency is set to 63.36 GHz resulting in an IF of 46@ dispersion.

m

i 1 1 i i 1 1
300 400 500 600
frequency in MHz

log(BER)
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Fig. 6. Principle of the transmission setup for the downlink experiment with 8
direct modulation. -0 - T

B. Downlink Experiment with Directly Modulated MLL | \®\@ (35 d):
1

An attractive variant of an MLL fiber-optic upconverter is -2 — :
SO i X ) X i 200 175 150 125 -10.0

shown in Fig. 6. It is identical to Flg. 3 Wlth the exception detected optical power/dBm
that the external optical modulator is omitted and the MLL _ ' o
s directy moduiated in inensity by the DBPSK-modulatefl, ., PER messenens o e Sounink soerment o chect ot
400-MHz subcarrier. The spectrum of the photo current g back, 62.9 GHz; 2= MLL at 1542 nm, directly modulated, with optical
point a in Fig. 6 is very similar to the spectrum shown irfilter (1 nm), 3-km DSF and also back to back, 62.9 GHzs }LL at 1542
Fig. 4(2) vith the exception that the third and fourth harmon. =<l Todued i obce)er (11 bk o b, 6535 01
of the modulation signal do not appear due to a slightly bettgrpack 80.86 GHz.
linearity at direct modulation.

With the directly modulated MLL, different transmission ex- |n a fourth experiment, the MLL was set to 1532 nm. Its
periments were done where the MLL was generally passiveiytput signal was again boosted by an EDFA followed by a
mode locked. In a first experiment, the directly modulateglnm optical bandpass filter. In order to detect the modulation
MLL was set toA = 1532 nm at a repetition rate of 6.25sideband even at 80.86 GHz (390-MHz subcarrier frequency)
GHz. The upconverted sideband at 62.9 GHz was detectgd V-band mixer Spacek MV-U was operated above its
with the V-band receiver in a back-to-back measuremespecified value of 75 GHz. The first LO was set to 72.5 GHz,
without any optical filtering of the approximately 3-nm-wideso that the modulation sideband was downconverted to the
MLL spectrum. The measured BER curve is shown in Fig. first IF at 8.36 GHz. With a second mixer and a second LO
indicated by 1. A sensitivity of-16 dBm at a BER equal to set to 7.977 GHz, the signal was downconverted to the second
10~ was achieved. Due to the stability of this setup withour of 383 MHz, which could be processed by the DBPSK
any polarization-dependent devices as external modulatgesmodulator. Curve 4 of Fig. 7 shows the measured BER
or optical filters, BER measurements down to~10 were performance. The penalty of 5 dB with respect to curve 1
made, additionally reflecting the repetition-rate stability of thig mostly due to the response of the PD and receiver circuitry.
passively mode-locked laser. In order to finish the part related to upconversion experi-

In a second experiment, the MLL was setXe= 1542 nm. ments it should be noted that the transmission length was not
Its modulated output signal was boosted by an EDFA followeignited to 3-km length because there was no dispersion penalty
by a 1-nm optical bandpass filter in order to compensad®served for the properly adjusted laser.
for the fiber, connector, and attenuator losses. With the LOComparing the sensitivity 6£15 dBm (BER equal to 10°)
frequency of 63.36 GHz, the upconverted sideband at 63§ external modulation with-14.3 dBm (BER equal to I,

GHz is selected. The BER measurements both back to bagl. 7, curve 2) for direct modulation, both methods result
and with transmission over the 3-km-long DSF are shown in a similar microwave generation efficiency at the receiver.
Fig. 7, curve 2. The sensitivity for a BER equal tofOwas The small difference of 0.7 dB most probably arises from
—14.3 dBm, without any additional penalty due to the fibethe nonoptimum modulation depth of the directly modulated
optic transmission. However, a slight polarization dependenki.L during the experiments leading to curve 2 of Fig. 7.
of the optical filter could be observed. The curve is giveGurve 2 is chosen because in contrast to curve 1 an EDFA
for optimized polarization. The penalty of roughly 2 dBand a 1-nm filter was inserted in the link experiment which is
with respect to curve 1 is most probably due to a lowesomparable to the external modulation experiment. However,
modulation index because the laser is operated at highelditionally taking into account the insertion loss, the polar-
dc current, the influence of the 1-nm filter (optical 3-dBzation dependence, the high drive power, and the costs of
bandwidth) on the millimeter-wave mixing product, and than external modulator, the direct MLL modulation is, in most
additional amplified spontaneous emission (ASE) noise of thases, superior to the external modulation.

EDFA.

For curve 3, thé/-band receiver is tuned up to 69.15 GHZzC- UPlink Experiment
The penalty of about 2 dB, with respect to curve 2, is due to The principle of the experimental uplink setup is shown in
the frequency response of the PD alieband receiver. Fig. 8 [25]. It consists of hardware related to the functions of
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Fig. 8. Principle of the uplink setup including fiber optic downconverte
with DSF= dispersion shifted fiber, PE photo diode; DBPSK= differential
binary phase-shift keying.
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the mobile transmitter (MTx), the BS and the MSC, a radio
and a fiber-optic link of 1 m and 3 km, respectively, and a
BER measurement setup. The MTx is substituted by an RF frequency, GHz

synthesizer (HP 83650), a mixer, and an antenna. A 155-

Mb/s DBPSK signal at a microwave carrier is transmitted tp9- 9. Detected RF spectrum at the MSC after opto-electronic conversion
the BS using horn antennas. The received microwave sigﬁrgfomon bandwidth is equal to 3 MH2).
at the BS drives after appropriate amplification an optical
intensity modulator (Mod.) modulating the light pulses emitted
by the external cavity MLL. The microwave signal is thus 155 Mbit/s PRBS 2% -1
optically sampled at the repetition rate of the MLL (in the
experiment atf,. = 6.25 GHz). After transmission over 3-km 4 ‘
DSF, the optically sampled microwave signal is detected with
the PD being located at the MSC. Its electrical output contains

22

T I T

spectral components g} and its multiples as well as at all &
mixing terms with the information band centeredfat. The L J
downconverted band afir = frr — 3f, = 460 MHz is g l
filtered, DBPSK demodulated, and fed to the error detector. r

In the experiment, the MLL is located at the BS in order 8 L i

to omit the additional experimental effort for the polarization

handling of a remotely biased optical modulator. However, _
the polarization handling is no principle drawback because 10 ] ®/@/@§b\®
1 |

passive methods are well known to eliminate the polarization

|

-12

sensitivity of fiber-optic modulators [26], [27]. A polarization- 31 285 26 235 21

switching technique [27] induced by the MLL repetition rate received optical power [dBm]

may especially result in the lowest additional effort for theig. 10. BER measurements for the uplink experiment, with 1 equal to an
polarization handling. HP-ECL (not mode locked)fgrr = 460 MHz, without radio link and DSF;

Due to constraints in the speed of the optical .quulaté)lﬁgn”i/'lﬁi,?ly":'"{gf‘zfég(z)’ Mriz, without rlﬁldk'oa'r']’(‘jkg‘gg; ase':&uilegug'n
available in the laboratory (HP 83422A), the principle OfiLL, frpr = 19.21 GHz, without radio link, with DSF; 5 equal to an MLL,
the downconversion is demonstrated at a microwave-carriet: = 19.21 GHz, with radio link and DSF.

frequency of 19.21 GHz. The optical modulator is driven with

the DBPSK modulated microwave carrier by bridging in a For BER measurements, a commercially available
first experiment the radio link in Fig. 8 with a coaxial cablep-i-n/preamplifier module is used as optical receiver at
The MLL used for downconversion is configured as describeéde MSC. This module has a 3-dB bandwidth of 600 MHz
above and set td = 1532 nm. The MLL signal is then boostedand a sensitivity of—27 dBm for a 622-Mb/s signal. In
by an EDFA followed by a 1-nm filter (not shown in Fig. 8). AtFig. 10, the measured BER (155 Mb/s, PRB% — 1) is

the MSC, the spectrum of the PD output signal is measuregthown against received optical power at the MSC for different
The result is shown in Fig. 9 for an average optical powexperimental configurations related to Fig. 8. In curve 1, the
of —16 dBm. The three strong discrete lines at 6.25, 12.ficrowave-carrier frequencyrr is set to 460 MHz, the
and 18.75 GHz, respectively, belong to the pulses sampliMi_L is replaced by an HP external cavity laser (ECL) tuned
the information band at 19.21 GHz. All other spectral parte the MLL center wavelength, and the radio link as well
separated from the noise are mixing products including tlas the 3-km fiber link are bridged. The measured sensitivity
desired downconverted band at 460 MHz. Around each stroofj—26.4 dBm (BER equal to I¥) agrees reasonably well
discrete line and at frequencie®.3 GHz, noise bands appeawith the receiver sensitivity mentioned above taking into
which are based on phase noise and RIN [20]. account several penalties as100% modulation depth by
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the optical modulator, nonoptimum filtering of the 600-MHzechniques can be applied up to this frequency range because
low-pass filter used as an IF filter, and nonoptimum DBPSHe limitations given by the optical sampling pulsewidth of
demodulation at the MSC. In curve 2, we have the samadout 1 ps begin at frequencie€800 GHz for the MLL used.
configuration as in curve 1 except that the ECL is replaced
by the MLL. The additional penalty of 0.4 dB is most
probably due to the RIN of the MLL. In curve 3, there is the
same configuration as in curve 2 except tifaf is set to The authors wish to thank V. Jungnickel for critical reading
19.21 GHz and the downconverted signal is measured. Téfethis paper’'s manuscript.
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