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Abstract—We present the first demonstration of a mil- with upconversion at the BS [14]-[18]; or baseband transmis-
limeter-wave (mm-wave) broadband fiber-wireless system which sjon where the data is upconverted to the required RF at the
incorporates baseband data transmission in both the downstream .o 11ote site. Millimeter-wave radio signal transmission over

(622 Mb/s) and upstream (155 Mb/s) directions. The local oscil- . . A o
lator (LO) required at the remote antenna base station for up- and fiber has the advantage that the BS architecture is simplified

downconversion to/from the mm-wave radio frequency (RF) is Since the requirement for mm-wave up- and downconverting
delivered remotely via a modulation scheme that is tolerant to the mixers and local oscillators (LOs) are eliminated. In addition,
effects ?L ﬁt::; ﬁﬁifourzaéi% dli(')f»psegigi?] C:g (tjfll; Idslteeccttr?)?j eLr?1 ;(?Jlf;igr the control and processing of the mm-wave wireless signals is
ower. e - H :
IF())cated atthe cent?al oﬁicg (gO) andgt]he data and an RF signal at Centrallzed thereby aIonvmg the centra}l exchange to remptely
a frequency equal to half the LO frequency, are applied simulta- monitor Fhe mm-wave signal transmission [10]. However,.flber
neously to the device. The modulation scheme was optimized aschromatic dispersion can have a severe effect on the achievable
a function of the modulator operating conditions. Simultaneous carrier-to-noise ratio (CNR) of the recovered radio signals
bidirectional radio transmission in the mm-wave fiber-wireless jn such systems [19], [20]. As a result, optical mm-wave
network was implemented using specially designed mm-wave 4y ation schemes which are tolerant to the effects of fiber
dlplexer_s located at the_ base station (BS) and customer unit, di - bei velv i . d 161 181 121
and a single Ka-band printed antenna array at the BS operating Ispersion are being active y.'nveSt'gate _[ ]_' 8l [ ]'.
simultaneously in transmit and receive mode. Error-free data N contrast to mm-wave signal transmission over fiber, the
transmission was demonstrated for both down- (34.8 GHz) and effect of fiber chromatic dispersion on the distribution of lower
uplinks (37.5 GHz) after 20 km of single-mode optical fiber and a frequency IF signals is less severe and the signals can be trans-
bit error rate (BER) of 10 =% was achieved after the inclusion of ,ted over longer fiber distances. This is also true for fiber
a 2-m radio link. . - - .
transmission of digital baseband data signals where chromatic
dispersion has a minimal effect on the delivery of subgigabits
per second data streams over fiber links less than 100 km in
HERE is currently great interest in the developmengngth. In addition, both IF and baseband over fiber techniques
of wireless communication systems operating at mikave the advantage that they can exploit the use of mature mi-
limeter-wave (mm-wave) frequencies which are capable ofowave and digital hardware at the remote base station. How-
providing the anticipated demand for future broad-band integver, the subsequent need for a mm-wave local oscillator for
active services. The bandwidth requirements in such broadbdrgfiuency conversion increases the complexity of the BS equip-
wireless networks (up to 1 Gb/s) will demand the application ofient. For mm-wave fiber-radio systems employing IF signal
optical fiber feed networks for distribution of the radio signalransmission over fiber, previous work has considered the re-
to and from the remote antenna sites [1]-[4]. With regards to theote delivery of the LO in order to simplify the BS architec-
technology choice for the distribution of the radio signal ovdure [16]. To date an investigation of baseband data transport
fiber, several options are available including: radio frequen@ghemes for application in mm-wave fiber-wireless systems has
(RF) over fiber where the wireless signal is transported to angt been carried out.
from the antenna base station (BS) as a mm-wave frequencyn this paper, we present the first (to the best of our knowl-
[1]-[13]; intermediate frequency (IF) over fiber where loweedge) experimental demonstration of a full-duplex mm-wave
frequency subcarriers are used to transport the radio chanidigler-radio system incorporating baseband data transmission
in both the down- and upstream directions. In addition, we
demonstrate remote delivery of the required local oscillator
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Fig. 1. Schematic diagram showing novel dispersion tolerant modulatir 1556.0 1555.4 1555.8 15562 1556
scheme for simultaneous transport of baseband data and remotely delive Wavelength (nm)

LO signal.

in both transmit and receive mode and a diplexer at the B&- 2 Transmittance profile of the designed FG.
enabling simultaneous bidirectional radio transmission.

The paper is organized as follows. Section Il provides a d
scription of the novel modulation scheme for baseband ds
transmission with remote local oscillator delivery and an expe
imental demonstration of the technique. Section Il investigat
the sensitivity of the system to the modulator drive conditions
order to optimize the overall baseband data transmission syst
performance, while Section IV presents the demonstration
a full-duplex fiber-radio system incorporating our modulatio
scheme and the specially designed diplexer. Finally, conclusic
are presented in Section V.

RL -5 dBm

Optical Power (10 dB/div)

Il. M ODULATION SCHEME FOR BASEBAND DATA
TRANSMISSION AND REMOTE LO DELIVERY

Fig. 1 shows a schematic diagram of the novel optical mo
ulation scheme used to provide both baseband data transr
sion and remote delivery of the required local oscillator fror
the CO to the BS in a fiber-wireless system. The key features of
this technique are the use of one external modulator to transit 3. Measured optical spectrum after the MZM and F&o(/2 = 18.5
both the baseband digital data and an analog RF signal [22], &
the distribution of the LO signal in such a way that dispersion
effects are minimized. In Fig. 1,the single external modulator The optical spectrum after the FG now consists of an optical
is a dual-electrode Mach—Zehnder modulator (MZM) which isarrier modulated with baseband data and two sidebands spaced
biased at quadrature and modulates the output of a distribudy.o /2 from the carrier. Shown in Fig. 3 is the measured op-
feedback (DFB) laser. An RF signal with frequency equal to haital spectrum after the MZM biased at quadrature (4 V) and
of the required LO frequenc§fi.o/2) is then applied to one FG, with f1.o/2 = 18.5 GHz, and driven by a 1557-nm DFB
port of the MZM while the baseband data is applied to the othkser. As evident in Fig. 3, the baseband modulated optical car-
RF terminal. At the output of the modulator a custom-made rger and the RF sidebands can be clearly seen. Upon detection
flective fiber grating (FG) is used to suppress second-order agsing a high-speed photodetector, the optical carrier with the
tical modulation sidebands spacedfat from the carrier. The baseband modulation beats with each sideband to generate an
FG is fabricated using two gratings written in cascade in ordBfF signal atf1.o/2 and another RF signal gt is also gener-
to reflect the unwanted second-order optical modulation sidated resulting from the beating between the two sidebands. The
bands. Fig. 2 shows the measured transmittance profile of tieeovered electrical signal will then comprise the baseband dig-
FG which provides more than 20 dB rejection of the unwantétl data and RF signals at frequencies correspondinfg 492
second-order sidebands relative to the optical carrier. The refléarodulated with the baseband data) gid.
tive bands with a 8 GHz bandwidth are located at approximatelyAfter transmission of the optical signal over fiber to the BS,
37 GHz away from the optical carrier which corresponds to thike detected RF signal at frequengy, can now be used as the
designated,o. Higher order modulation sidebands are negli-O for both an upconverting mixer which converts the recovered
gible. baseband data to the required wireless frequency, and a down-

1556 1556.1 1556.2 1556.3 1556.4 1556.5
Wavelength (nm)
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Fig. 4. Measured and predicted dispersion-induced RF power penalty for the . .
received LO signal at 37 GHz (normalized to power at 0 km). mg. 5. Measured received LO power at BS and BER of received 622 Mb/s data

at CU versus inpuf.o/2 signal RF power to MZM (average received optical
power = —1 dBm).

converting mixer for the uplink mm-wave radio channel. Since

the detected signal ¢ o consists of only one beat signal comhand data transmission using the modulation scheme described
ponent (due to the two optical RF sidebands mixing with ong Section Il, to the MZM drive conditions.

another), transporting the LO frequency remotely in this way is |n the downlink modulation scheme, the received optical
highly tolerant to the effects of fiber chromatic dispersion on thgignal is split into two paths where the baseband data and
detected RF carrier power [8], [19], [20]. Unlike transmissiothe mm-wave LO are detected separately at the BS. The
of an optical carrier with two modulated sidebands spacedrateived mm-wave LO signal is then used to enable up- and
fro, the detected signal 4t.o using the baseband modulatiordownconversion of the data before the radio link transmission.
scheme is due to the beating between the two optical sidebamgie conversion loss in the mm-wave up- and downconverting
which overcomes the RF power degradation due to chromagiixers at the BS varies as a function of the LO power, therefore
dispersion. This is confirmed by both measurement and thGQIWe received LO signal power is critical for the optimum
as shown in Fig. 4, which indicates the detected RF power of thgeration of the mixer. Since there is no automatic gain control
LO signal at a frequency of 37 GHz as a function of the fibgh the BS to regulate the received LO power in our system,
link transmission distance. The RF power in Fig. 4 is showis parameter plays an important role in the overall system
normalized with respect to the detected RF power after 0 kmgérformance. In order to evaluate the performance sensitivity
fiber with little variation in the detected power evident. The presf the downlink, we investigate the received LO signal power
dicted values in Fig. 4 were obtained using a commercial phgs a function of the operating conditions of the MZM. In
tonic CAD link design platformGOLD! with custom-designed addition, we quantify the link performance by measuring the
optical and electrical circuits incorporating noise-free time-d@orresponding BER of the data recovered at the customer unit
main models. Fig. 4 shows that there is good agreement betw@e), as a function of the modulator drive conditions.
experimental and theoretical results with the small discrepan-The received LO power as a function of the applied power to
cies due to uncertainties and small variations in the dispersige MzZM RF electrode is first investigated while all other pa-
parameter of the individual fiber segments (a dispersion parafgmeters are held constant. The input data amplitude was main-

eter of 17 ps/nm/km was used in the simulation). tained at 3.2 V while the modulator was biased at the quadrature
point. The RF power of the received LO signal at the BS is de-

Ill. PERFORMANCE OPTIMIZATION OF BASEBAND pendent on the optical power in the modulation sidebands gen-
MODULATION SCHEME erated by the MZM, whichin turn is dependent on the modulator

iéas conditions. The difference between the optical power in the

The performance of the modulation scheme for simultaneo? dulation sidebands and th ical : d ith
transmission of baseband data and remote delivery of a local giadulation sidebands and the optical carrier power reduces wit

cillator which is tolerant to dispersion, is dependent on anumHQPrleaS'ggl'rlpm (TF &Owﬁlrtf the'MZMI. This mcreas; Ln (:p('j
of parameters related to the operation of the dual-electrode mE%‘::‘ mo Iuar:'or;] €p It W]! et?1 gl;/e a glrgbe ' %owe'r Je ec'fzh
ulator. These include the RF power of the applied signal at fre> S'9nal Which resufts from the two sidebands mixing wi

quencyfr.o/2, the amplitudeof the input baseband data signaﬂne another. Under these conditions the received LO power also

and the modulator bias voltage. During the course of the exp pries linearly with input RF power to the MZM, as shown in

iments it was found that these variables must be carefully ¢ '9'_5' The rehcellilgd LO p?V\r/]er shown in F|g. S wasr:neséurefd at

trolled in order to optimize the overall data transmission pe _et mgut to 'Eche hi ﬁrm 0 g g[r)nm-wave r'n!xerga;;\/\? , after

formance. In this section, we investigate the sensitivity of bas%g ection with a high-spee (responsmgx_). : ), am-
plification by a low noise 26.5-40 GHz amplifier with a gain of

1GOLD is a product of Virtual Photonics, Inc. (www.virtualphotonics.com).30 dB, and followed by a 3 dB splitting loss and amplification
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with a medium power amplifier (19 dB gain). Maximizing the
received LO signal power is essential for efficient operation
the mm-wave mixers, however the maximum input RF power
the MZM is limited by the modulator electrode structure.

Fig. 5 shows the measured BER when 622 Mb/s downstre:
data is applied to the MZM and recovered at the CU fc
transmission over 0 km of fiber, as a function of tlig;/2
signal power applied to the MZM, for an average receive
optical power of—1 dBm. The measurement shows that th
BER improves with increasingi.o /2 signal power. The eye
closure at lower input RF powers to the MZM is due to th_
high conversion loss of the mm-wave mixer at the BS whic 8.6
occurs when the mixer is driven inefficiently by a relatively lon 04 03 02 01 0 01 02 03 04
received LO power. The mm-wave mixer used in our syste Detuning voltage (V)
requires a minimum of 8 dBm RF power at the LO arm for ()
efficient operation. For this system setup, the average recei~ 44
optical power required to obtain a BER of 10is —3 dBm
(which includes the optical power in the modulated carrier ar
the two RF sidebands). This optical power corresponds to t
minimum required received LO power which will efficiently
drive the mm-wave mixers at the BS.

Next, we investigate the influence of modulator drift and th
effect on the system performance and robustness of the |
[22]. In these optimization measurements, the ingu /2
power to the MZM and data amplitude were kept consta
at 22 dBm and 3.2 V, respectively, while the bias voltage ¢
the modulator was detuned from the quadrature point. F 18
6(a) shows the received LO power at the BS as a functi 04 03 02 -01 0 01 02 03 04
of the detuning voltage. The MZM is biased on the positiv Detuning voltage (V) '
slope of the transfer function. The received LO power varies
with detuned bias voltage, increasing when the MZM bias ®)
point is moved toward the MZM transfer function minimurr -8.2 T T v v —
(corresponding to a negative detuning), and decreasing wt
the bias voltage is increased away from quadrature towe -84}
the MZM transfer function peak (corresponding to a positiv
detuning). This is as expected since when the bias voltage
detuned from the quadrature point, the optical power in tt
MZM modulation sidebands relative to the optical carrier wil
vary depending on the new bias point on the nonlinear trans
function of the modulator. An increase in the received L(
power indicates an increase in the modulation sideband pov
which in turn indicates that the MZM bias point is moving
toward the minimum of the nonlinear transfer function. Whe '9'?0,4 03 02 01 0 041 02 03 04
the MZM bias point reaches the transfer function minimun Detuning voltage (V)
the modulation sidebands increase to a maximum while the ©
optical carrier is completely suppressed, resulting in a double

i ; : ; id, 6. (a) Measured received LO power at BS versus MZM DC bias voltage
sideband suppressed carrier configuration. However as efuned from quadrature. (b) Measured peak-to-peak baseband data amplitude

MZM bias voltage varies, so does the optical carrier power agfkr recovery at BS versus MzM DC bias voltage detuned from quadrature. (c)
the data modulation depth, which will have a direct effect OBER measurements of recovered 622 Mb/s data at CU versus MZM DC bias

the recovery of the modulating data and the resulting basebdA§pge detuned from quadrature.
data amplitude levels.

Fig. 6(b) shows the measured peak-to-peak data amplitudexa§dulator transfer function. The measurements in Figs. 6(a) and
the received baseband signal after detection at BS as a funciiojtlearly show that there exists a range of MZM bias voltages
of MZM bias detuning voltage. As the MZM bias pointis movedvhich will enable the performance of the link to be optimized.
closer to the modulator’s transfer function maximum (positive The received LO power [Fig. 6(a)] and the received baseband
detuning), the optical carrier power increases and the recovedada amplitude [see Fig. 6(b)] at the BS determine the overall
data amplitude increases accordingly. In contrast, the oppoditd BER. Fig. 6(c) shows the measured BER of the recovered
occurs as the bias voltage is tuned closer to the minimum of 622 Mb/s data at the CU (for transmission over 0 km of fiber),
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Fig. 7. Experimental setup of full-duplex broad-band fiber-wireless system with simultaneous bidirectional data transmission.

which guantifies the downlink performance as a function of the £ . “ l
MZM bias voltage. The experimental results in this graph show i 1
that acceptable system performar&ER ~ 10~?) can be -4
achieved for a dc-bias variation &f0.1 V from the optimum I
bias point of the MZM at quadrature. Since it is common for the i
MZM dc bias voltage to drift [23], maintaining the bias voltage

of the modulator reasonably close to the quadrature point via an o
external bias stabilization circuit [25] is important. ‘T!'

IV. FuLL-DUPLEX FIBER-RADIO SYSTEM WITH BASEBAND
DATA TRANSMISSION -

o'l ‘2l '3l 'a

The modulation scheme in Fig. 1 was implemented in a
full-duplex mm-wave fiber-radio system incorporating base- il
band data transmission and the experimental setup is shown _ _
in Fig. 7. The modulation technique was located at the CO fif- 8 Photograph of fabricated mm-wave diplexer.
conjunction with a 1557.0-nm DFB laser. The signals applied
to the dual-electrode MZM comprised a 622 Mb/s digital dataplink optical signals. At the BS, the optical signal is split into
stream and a 18.5 GHz RF signal. The optical signal aftevo paths: one followed by a 1-GHz photodetector (PD) to
the MZM is amplified using an erbium doped fiber amplifierecover the data, and the other corporating a high-speed PD to
(EDFA) and transmitted over 20 km of standard single-modketect the mm-wave LO signal at 34.8 GHz. The unwanted fre-
fiber (SMF) to the remote antenna BS. An optical bandpagsiency component at 17.42 GHz is rejected using a mm-wave
filter (BPF) after the EDFA removes excess ASE noise. A pdirandpass filter after the high-speed photodiode. The data and
of 1300/1500 nm WDM couplers were incorporated into thg,o signals are then input into a mm-wave upconverting mixer,
fiber link to allow simultaneous transmission of the down andmplified and directed to a specially designed and fabricated
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Fig. 9. Measured and calculated frequency response of the fabricated mm-wave diplexer.

mm-wave diplexer and a broadband printed antenna arraypled microstrip patches. The design of these patches utilized the
enable simultaneous bidirectional operation of the radio link. procedure outlined in [25] to achieve the wide-band impedance
microstrip topology was chosen for the designed diplexer angsponse which results from the “mutual resonance” between
antenna in order to achieve a fully integrated and compact B& printed apertures and antennas. To feed the linear array of
module. elements, a splitter consisting of seven reactive power dividers
The designed diplexer comprises a low pass filter for frevas fabricated based on microstrip technology. The measured
guencies below 37 GHz (downlink) and a band-pass filter cereturn loss of the patch array is shown in Fig. 10 which indicates
tered at 39 GHz (uplink). The low pass filter section comprises10-dB return loss bandwidth for the antenna of approximately
a 15-element sharp resonant filter while the high-pass sect@rf. Fig. 11 shows the measured H-plane radiation pattern of
is an 11-element band-pass coupled line filter. Fig. 8 showdhe eight-element linear array. As can be seen from this figure
photograph of the designed diplexer incorporating microstrthe gain of the printed antenna was approximately 15.0 dBi.
technology and packaged with K-connectors. Susceptance anthe mm-wave radio signal from the BS is radiated to a cus-
nulling was incorporated at the common input of the diplex&pmer unit over a 2-m radio link and received using a single
The diplexer was designed using tiSD (Release 8) soft-  glement broad-band printed antenna with gain of 5 dBi in con-
ware package and etched®ngers RT-Duroid 588, = 2.2, junction with a similar mm-wave diplexer located at the CU.
d = 0.254 mm). The theoretical and measured responses of thge signal is then amplified, and downconverted to 2.5 GHz
diplexer are shown in Fig. 9. Reasonable agreement betWeRitore being passed through a phase-locked loop (PLL) cir-
experiment and prediction was achieved with the expected Egit to recover the 622-Mb/s data stream. The inset of Fig. 7
sponse of the diplexer shifted down in frequency by approxihows the measured RF spectrum of the received signal at CU

was larger than expected. These discrepancies are largely fldguency of 34.8 GHz.

to the fabrication errors associated with using a soft substratel_

. . 0 demonstrate the transmission of baseband data in the up-
at mm-wave frequencies. Since the frequency responses Ofstpr%am direction and the use of the remotely delivered LO for
fabricated diplexer were shifted by about 1.5 GHz relative to tr?re y

. . : ) : equency downconversion, a 155 Mt#s? — 1, pseudorandom
design carrier frequencies for the full-duplex fiber-radio syste it sequence (PRBS) at CU was used to modulate the phase of
the mm-wave RF carriers were therefore tuned to 34.8 and 3a‘§ R P

. . 7.5 GHz RF carrier. This mm-wave signal is then downcon-
GHz for the down- and upstream, respectively, in order to ac- X . )
o : Verted to 2.7 GHz at the remote BS using the received LO signal
commodate for the frequency shifts in the diplexer.

: : . delivered remotely from the CO. The modulated 2.7 GHz signal

The transmit/receive antenna located at the antenna BS is an . )

eight-elemenf{ -plane linear array of broad-band aperture COL\JA-IaS input into a PLL to recover the 155 Mby/s baseband data
9 P y P which was then transported back to the CO via direct modula-

2|ED3 is a product of Zeland Software, Inc. (www.zeland.com). tion of a 1300 nm light-emitting diode (LED). At the CO, the
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Fig. 12. BER measurements for downstream baseband 622 Mb/s data

Fig. 10. Measured return loss of Ka-band eight-element linear array O?nsmISSIOn in full-duplex mm-wave fiber-radio system.
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Fig. 13. BER measurements for upstream baseband 155 Mb/s data
transmission in full-duplex mm-wave fiber-radio system.

180

Co 1l M a0l diat tern of Ka-band eidht-e! » BER floor at approximately 10" was seen when the radio link

19. . easurea -plane radiation pattern of Ka-band eight-element linegr, . el

paich array, Avas mcorporated for. full-duplex transmission. A; before, the
BER floor is due to signal leakage between the diplexer ports.

signal was detected, amplified, and the 155 Mb/s data streanei envisaged that the BER for the full-duplex radio transmis-
slon can be significantly improved by incorporating diplexers

recovered using a 155-MHz clock recovery circuit.

BER measurements were carried out for the 20 km fiber Iin"féIth isolation>15 dB.
with and without the 2-m radio link and the characteristics are
presented in Fig. 12. For comparison, back-to-back measure-
ments for data transmission over 0 km of SMF without the radio We have proposed and demonstrated a new modulation
link were also carried out. The measurements show that an gpheme for implementation in mm-wave fiber-radio systems.
tical power penalty0.4 dB at a BER of 10 was incurred for This technique employs baseband data transmission over
data transmission over the 20 km fiber link. When the full-dwsptical fiber between the central office and remote antenna
plex radio link is included, a BER floor at10~% was observed BS, with frequency up- and downversion at the BS achieved
for the downlink data transmission. The degradation in the BERa remote delivery of the local oscillator from the CO. The
and the presence of the BER floor is attributed to signal leakagwdulation scheme employs a single dual-electrode external
due to the relatively poor isolatior<(Ll2 dB) between the dif- modulator located at the CO. Another key feature of the
ferent ports of the designed diplexers. modulation scheme is distribution of the LO signal in such

Shown in Fig. 13 are the measured BER curves of the recav-way that the effects of fiber chromatic dispersion on the
ered data for transmission over 20 km of optical fiber. An opeceived LO power are minimized. We have also carried out a
tical penalty of approximately 0.6 dB was observed for a BE&ensitivity analysis of the proposed modulation scheme in order
of 1079, This penalty can be attributed to fiber dispersion due to evaluate its tolerance to variations in the modulator drive
the broad linewidth LED transmitter used at the BS. Similarly, @onditions. Measurements show that the BER of the recovered

V. CONCLUSION
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baseband data is dependent on both the received LO powgep]
at the BS, which is needed to drive the mm-wave mixers for
frequency conversion, and changes in the modulator dc bias
voltage. Both of these parameters must be optimized in ordegr3]
to achieve optimal performance of the fiber-radio system.

We have also demonstrated a full-duplex mm-wave broadp 4,
band fiber-wireless system which implements our proposed
modulation technique. The fiber-radio system incorporatedt®]
baseband data transmission over fiber in both directions (623
Mb/s downstream and 155 Mb/s upstream) with the required
local oscillator at 34.8 GHz delivered remotely. The down- and
uplink radio frequencies were 34.8 and 37.5 GHz, respectivel)g.m
The fiber-radio system also incorporated a specially designed
Ka-band printed antenna array as the BS antenna and mm-wi \i%]
diplexers for simultaneous bidirectional radio transmission.
Error-free data transmission was demonstrated for both down-
and upstream after transmission through 20 km of single-mod[elgl
optical fiber, however due to the relatively poor isolation of the
designed diplexers, full-duplex radio transmission exhibited
BER floors. We believe that the BER can be improved forl20]
full-duplex radio transmission by using diplexers witii5 dB

isolation. [21]
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