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37-GHz Fiber-Wireless System for Distribution
of Broad-Band Signals
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Abstract—We present a millimeter (mm)-wave fiber-wireless In such systems, mm-wave signals can be generated and
system suitable for the transport and distribution of broad-band  modulated using optical techniques and transported to base-

signals. We show transmission over fiber and wireless distribu- cations very efficiently via low cost, low loss, and EMI-free
tion of subcarrier multiplexed amplitude-modulation vestigial- ' ’

sideband (AM-VSB) video and a digital data stream at 37 GHz Pptica' fibersf. Togemer With_h_igh-speed phOtoqeteCtorS (_P[_),S)
using optical carriers generated by a hybrid mode-locked laser integrated with mixers, amplifiers, diplexers (using monolithic-
(HMLL). We also present a simple model to characterize the microwave integrated-circuit (MMIC) technology) and printed
effect of fiber chromatic dispersion on the transport of millimeter-  antennas, simple and lightweight base-stations can be designed

wave (mm-wave) modulated signals over fiber, and calculations y, 510y easy installation on building walls and corners, street
show that by using an HMLL, broad-band signals can be trans- lights, and tﬁlephone poles 9 ’

ported successfully over fiber lengths greater than 150 km using

subcarrier frequencies <1 GHz and more than 50 km for sub- A number of techniques for the generation, modulation, and
carrier frequencies <3 GHz. distribution of mm-wave modulated optical carriers for fiber-
Index Terms—Millimeter-wave lasers, millimeter-wave radio wireless systems have been described in the literature [2]—[14].

communication, subcarrier multiplexing. Research efforts have also been directed toward exploring
the effects of fiber chromatic dispersion on the transport
of mm-wave modulated optical signals over fiber [15]-[19].
Fiber chromatic dispersion may induce severe power degrada-
ESIGN of broad-band access networks to deliver servicésn in the detected RF power of the mm-wave signal after
such as video-on-demand, interactive multimedia, higpropagation through longer lengths of fiber [15]-[19]. We
speed internet, and high-density television (HDTV) to homdgve recently shown that a passively mode-locked monolithic
and industrial and educational institutions has been a subjdidtributed Bragg reflector (DBR) laser can generate ultra
of intense interest in recent years. Both wireline, i.e., hybridbw-noise mm-wave optical carriers by adopting synchronous
fiber-coax (HFC) and wireless [i.e., microwave-multipointfoptical injection) or hybrid (electrical injection) mode-locking
distribution-system (MMDS)] access techniques show consisehemes [12], [20]. In this paper we describe the use of
erable potential in this regard. These access schemes maalitybrid mode-locked laser (HMLL) to design a mm-wave
utilize the lower microwave frequency spectrury b GHz) fiber-wireless system suitable for the distribution of broad-
for distribution of broad-band signals; however, recently theand signals. Attempts toward implementing mm-wave signal
millimeter-wave (mm-wave) frequency band (26—70 GHz) hasistribution schemes have so far considered systems transmit-
been considered for wireless access, primarily to avoid spectiah either digital data or video signals [2], [3], [6], [9], [11],
congestion at lower microwave frequencies and to offer lar¢®2]-[14]; however, future interactive multimedia applications
transmission bandwidth. Operation at mm-wave frequencie®uld require simultaneous transmission and distribution of
also ensures smaller cells due to large atmospheric absorptiata and video. In this paper, we demonstrate for the first
giving a large frequency reuse factor for efficient spectrutime subcarrier multiplexing (SCM) of three composite video
utilization. channels with 255-Mb/s digital data, subsequent transmission
Future mm-wave broad-band access systems may empioger fiber, and wireless distribution using microstrip patch
an architecture in which signals generated at a central locatmmtennas. We also analyze the effect of fiber chromatic dis-
will be transported to remote base-stations for wireless distdersion on the transport of mm-wave modulated signals using
bution [1]. Optical feeding of base-stations in these systeniss laser. Our analysis shows that the mm-wave modulated
is an attractive approach because it enables a large nwarriers produced by an HMLL can be used to transport signals
ber of base-stations to share the transmitting and processingr fiber distances greater than 150 km.
equipment located remotely from the customer-serving area.

I. INTRODUCTION

Il. MM-W AvE FIBER-WIRELESS
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Fig. 1. Experimental setup for the mm-wave transport system incorporating
an HMLL (Prrvr,r, = —3 dBm, EOM insertion loss= 4 dB, fiber-coupling e
efficiency= 20%, fiber loss= 0.2 dB/km, post-detection RF power —54 Time (2.5 ns/div]
dBm).

Fig. 3. Eye diagrams of the transmitted (top) and received (bottom) PRBS
at 200 Mb/s forBER = 10—? after transmission through 10 km of fiber.
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Fig. 4. RF spectrum of the received video channels after 10-km SMF at the
Fig. 2. RF spectrum of the detected mm-wave modulated signal at the outpygut of the video modem (RBW equals 1 MHz).
of EOM (RBW equals 1 MHz).

ignal at the output of the EOM. Note that the carriers at

with dc-bias currents of 43 and 94 mA with the DBR an -5 a_nd 39.5 GHz with an optical modulation (_Jlepth of
PC sections left with open-circuit terminations. With no dgpproxmately 0.3% correspond to the BPSK data signal. The

bias applied to the SA, the laser was passively mode Iock\éiéieo carriers with a modulation depth of approximately 3%
ar at 36 and 38 GHz.

and generated a 37-GHz repetition-rate pulse train exhibitiffP® _
considerable amplitude noise and timing jitter. By applyin The performance of the downstream link was measured as

a +4 dBm RF signal at a frequency of approximately 3 llows. The mm-wave modulated optical signal was amplified
GHz to the SA, the laser output became locked to the RESING an erbium-doped fiber-amplifier (gain equals 12 dB) and
signal frequency and its phase noise reduced86 dBc/Hz at launched into 10 km of standard single-mode fiber (SMF). At

100-kHz offset frequency. Under these conditions, the devil® end of the fiber, the optical signal was detected with a 45-
is an HMLL [12]. GHz bandwidth (BW) PD, amplified by a Iow-r?0|se amplifier
We employed SCM techniques to simultaneously transnkNA), and directed to & a-band waveguide mixer to extract
analog video and digital data [21]. To demonstrate the oBle SCM signal. In this experimental demonstration, we have
eration of our system, three composite amplitude-modulati®®t implemented carrier recovery of the received signal, and
vestigial-sideband (AM-VSB) video channels (channels 0-2je local oscillator (LO) to the mixer was derived from a
obtained from three video modulators were upconverted Rortion of the 37-GHz signal which stabilizes the HMLL.
the video modem using a 1-GHz subcarrier. The digitéfter suitable amplification, the SCM signal was split and
data stream [255-Mb/s nonreturn to zero (NRZY — 1 the upconverted video and the BPSK data were separated
pseudo-random binary sequence (PRBS)] was generated byttsi@g narrow-bandpass filters centered at 1 and 2.5 GHz.
transmitter of a bit-error-rate-testset (BERT) and modulatddie baseband data stream and composite video channels were
the phase of a 2.5-GHz subcarrier in the BPSK formaecovered in the BPSK/video modems. Fig. 3 shows the eye
The upconverted video channels and the BPSK data signdiggrams of the recovered PRBS for a BERIO™® at a
were then power combined, amplified, and used to modulaggceived optical power 6£8 dBm. The additional noise on the
the output of the HMLL via a Mach—Zehnder electro-optieeros is due to the mixer used to generate the 2.5-GHz BPSK
intensity modulator (EOM). Each mode of the optical spectrudata and is present with no optical path between the electrical
of the HMLL is modulated by the SCM signal. Fig. 2 showsransmitter and receiver. Fig. 4 shows the recovered composite
the RF spectrum of the detected mm-wave modulated optiegdeo channels with a measured baseband weighted SNR of

(PC) regions. The gain sections of the laser were suppli
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Fig. 5. Experimental setup for the mm-wave fiber-wireless distribution sys-
tem.
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Fig. 8. Eye diagrams of the transmitted (top) and received (bottom) PRBS
at 255 Mb/s for BER= 10~? after 1-m wireless transmission.
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plane to couple the microstrip feed line to the patch antenna
using an electrically thick antenna substrate. Fig. 6 shows the
‘ , ‘ : predicted and measured return loss of the aperture-coupled

""""" patch and shows a 10-dB return loss bandwidth of 10 GHz
‘ ‘ 5 &':;‘;fj‘fez j centered at 37 GHz. The patch had a predicted gain of 7 dB. An
‘ identical patch was placed at a distance of 1 m to receive the

radiated signal. Using suitable amplification after the receive
antenna to compensate for the propagation loss, the mm-
wave signal was downconverted by the mixer and the video
channels and the data were recovered as described earlier.

Fig. 6. Predicted and measured return loss of the designed printed antenfgg, 7 shows the downconverted video spectrum exhibiting
a baseband-video weighted SNR of 39.4 dB. It is evident that

RL = 0 dBm the mm-wave wireless link incurs a penalty in the received

) video-signal SNR due to the requirement of additional mm-
wave amplifiers to boost the signal before downconversion.
ont' — cn Fig. 8 shows the eye diagram of the recovered PRBS at 255

Mb/s for a BER of 167.
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Audio lIl. EFFECT OF FIBER CHROMATIC DISPERSION

It is well known that fiber chromatic dispersion lim-
its the transmission distance in direct-detection optical-
communication systems [23], [24]. The lower sidebands
(LSB’s) and upper sidebands (USB’s) of the modulating
| {\/d U U v U . data signal carried by an optical carrier at 1550 nm undergo
WMW A S phase shifts (due to the wavelength dependence of the mode
Center = 1 GHz Span = 100 MHz  propagation speed) as they propagate down the fiber. At the
rcﬁceiver, the USB’s and LSB’s beat with the optical carrier
{6 yield the original data signal. However, depending on the
fiber length, chromatic dispersion parameter, and modulation
. ) . frequency, the relative phase difference between the LSB and
43.4 dB. This favorably compares with the weighted SNR e USB of the data signal at the receiver can becomé,180
464 dB on the |nternati0na| RadiO Consultative Commnt%sumng in Comp|ete Cance”ation of the beat Signa'_ In mm-
CCIR impairment rating scale of 4.5 (close to imperceptiblgyave fiber-wireless systems, the effect becomes even more
[22]. pronounced and the fiber transmission distance is severely

We next evaluated the performance of a wireless link @ifnited [15]-[18].
shown in Fig. 5. The mm-wave modulated optical signal was In this section, we model the effect of fiber chromatic
directed to the base-station which comprised the PD, 26—4fispersion on data transmission using the optical carriers
GHz BW amplifier (gain~ 55 dB), and a broad-band apertureproduced by the HMLL. The HMLL produces an optical
coupled microstrip patch antenna designed for our experimespectrum which is essentially dual moded with mode spacing
The antenna structure comprises a large slot in the grousgual to 37 GHz. The mm-wave optical signal can, therefore,

RF Power [5 dB/div]

| S |

—

Fig. 7. RF spectrum of the received video channels after the wireless li
at the input of the video modem (RBW equals 1 MHz).
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be expressed as electric field the detected carrier &v,,, + wrr, i.€., the USB will become

zero after the fiber lengtih iven b
E(t) = P{sin(wo + wn )t +sin(wo — )t} (1) gHluss given By

where E is the output field,” is a constant describing the Lusp = 41°¢/[DNwrr(2wm + wrr)]- (6)
mode intensitywy is the central frequency of the spectrum,

and 2w, is the repetition frequency of the HMLL. For sim-Equation (6) is identical to that previously derived in [19]
plicity, noise and polarization effects have been ignored in (Ay¥here a similar analysis was carried out for direct data
We next assume that the EOM is driven by a single sinusoidabdulation of a two-tone optical carrier. Similarly, the LSB
RF carrier with frequencwgrr = 27 frp. However, using at a frequency of2w,, —wgrr) Will disappear at a fiber length
the approach described below, the analysis can be extenda@n by

to consider multiple carriers modulating the EOM. Assuming

small optical-modulation depth and neglecting higher order Lisp = 4n%¢/[DN2wrr (2wm — wrr)]- )
harmonics, the total field, at the output of the EOM can be

simplified using Bessel functions to Taking A = 1.55 um, D = 17 psinmkm, 2f,, = 37 GHz,

Eo=K -{Jo—2-J -sin(wgp - t)} and frr = 1.0 GHz, we obtain from (6) and (7) the fiber
{sin(wo + W)t + sin(wo — wp)t} 2) lengths for which the RF power in the LSB and the USB wiill
m m vanish as 204 and 193 km, respectively.fifr = 2.5 GHz
where K is a constantJJo = Jo(n - V/2- V) and J, = (the subcarrier frequency corresponding to the BPSK data),
Ji(7-V/2.V,) are Bessel functiond/ is the peak amplitude these lengths reduce to 85 and 74 km, respectively. These
of the applied RF voltage, anid, is the half-wave voltage of results clearly show that the HMLL can be used as a source of
the EOM. mm-wave optical carriers to distribute broad-band signals over
The optical fiber can be modeled as a low-pass filter §per distances greater than 50 km between the central office
negligible attenuation and a phase delay which depends on @l remote base-stations. In contrast, in direct detection mm-
optical frequency of the propagating signal [24]. The effect dfave systems, fiber chromatic dispersion can limit the fiber
fiber chromatic dispersion can then be taken into account #iptance to as short as 3 km when the operating frequency
adding a constant phase delay to each component of the ap@¢eomes 37 GHz or more [15]-[18]. While the attenuation of
optical field corresponding to the frequency of that componetfte mm-wave signal power is reduced in our system, it should

relative tow. This phase delay is given by [24] be noted that the simple theory presented here does not take
into account the effect of any decorrelation of the two optical
= —DLX*(w — wp)? /4mc (3) carriers in the HMLL along the length of the fiber [18]. It

has been shown that fiber chromatic dispersion also increases
. , . K ; the phase noise of the detected mm-wave signal which can
is the fiber length,\ is the operating wavelengtl, is the significantly limit the achievable transmission distance when

optical frequency of the mode, andis the speed of light. igher order PSK modulation formats are implemented in
The optical field after propagation through a fiber of 'eng%m-wave fiber-wireless systems [18].
L then becomes

where D is the fiber dispersion parameter (pstkm), L

E' =K' [J;cos{(wo + wm +wrF)t + ¥3}

[V. CONCLUSION
+ Jy - cos{(wo + wp, — WRF)t + P4}

We have experimentally demonstrated a fiber-wireless sys-

+J1 - cos{(wo — wim +wrp)t + 95} tem suitable for transport and distribution of broad-band

+ J1 - cos{(wo — win — wRF)t + 6} signals. Using SCM techniques, three AM-VSB composite

— Jo - sin{(wo + wp )t + 11 } video channels and a 200-Mb/s digital data stream were

— Jo - sin{(wo — wm)t + 12 }] (4) simultaneously transmitted at 37 GHz over 10 km of single-
mode fiber and successfully recovered in the receiver. Wireless

where £’ is the output field, K’ is a constant, and distribution of these signals was also demonstrated using
broad-band printed antennas. The weighted SNR of the recov-
1 =1py = =DL - N - (wm)* /dre (58)  ered video channels was almost 40 dB and the data exhibited

3 =6 = —DL - \? - (wyn + wrr)? /4wc (5b) a BER of 10°. A simple analytical model was presented

thy = 1p5 = —DL - A2 - (wpm — wrr)?/4me. (5c) to characterize the effect of fiber chromatic dispersion on

the transport of the mm-wave optical signals in our fiber-
After detection, the photodiode will produce a current whictvireless system. Our analysis indicates that the optical carriers
is proportional td £'|?, i.e., each mode in the optical spectrungenerated by an HMLL with repetition frequency of 37 GHz
will beat with all others to produce carrier components inan be employed to successfully transport broad-band signals
the RF spectrum. Considering only those carrier componewtger fiber lengths greater than 50 km for subcarrier frequencies
which are centered around the mm-wave frequefay,, ), and of less than 3 GHz. This distance can be increased to be greater
substituting (5a)—(5c¢) into the field expressions corresponditigan 150 km when subcarrier frequencies less than 1 GHz are
to the USB and the LSB, it can be shown that the amplitude employed.
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