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Microwave Photonic Direct-Sequence Transmitter
and Heterodyne Correlation Receiver

Eric E. Funk, Member, IEEE, and Mark Bashkansky

Abstract—T his paper proposes and demonstrates a new ar chi-
tecturefor thetransmission, heterodynereception, and correlation
of direct-sequence (DS) signalsencoded onto an optical carrier. The
approach is practical for pseudo-noise in-modulated laser radar
and free-space optical-code-division multiple-access communica-
tions. Although the local oscillator is free running, we show that
thereceived signal isfree from laser phase noise. Furthermore, by
applying DS coding to both the transmitted signal and the local
oscillator, the delay required for correlation can be realized via a
combination of electrical and optical means.

Index Terms—Laser radar, optical modulation, spread-spec-
trum radar.

|. INTRODUCTION

HIS paper presents a spread-spectrum subcarrier-mul-

tiplexed (SCM) transmitter and a complimentary
heterodyne correlation receiver. The architecture is applicable
to both continuous-wave (CW) laser radar and optical-code-di-
vision multiple-access (OCDMA) systems. This work focuses
on the laser radar application.

The 1550-nm wavelength range is currently being explored
for usein laser radar [1], [2] and free-space optical communica-
tions[3]. Eye safety, the availability of inexpensive and reliable
off-the-shelf telecommuni cations components, and wavel ength-
division multiplexing (WDM) capability are all compelling rea-
sonsto consider this wavelength for free-space applications.

Range finding with both laser and microwave radar can be
performed with continuous signal susing waveformsthat arefre-
guency modulated or pseudorandomly modulated [4]. When a
pseudorandom bit sequence (PRBS) isused to perform the mod-
ulation, the resulting waveform is known as a direct-sequence
(DS) [5] spread-spectrum signal.

CW laser radar with pseudorandom modulation and direct de-
tection has been reported [6], [7]. However, unamplified direct
detection of small powersisimpractical at 1550 nm, due to the
lack of good avalanche photodiodes at this wavelength. Het-
erodyne detection is one straightforward means of improving
sensitivity without the complexity, power consumption, and op-
tical-noise-figure penalty of optical preamplification.

Whereas DS encoding could potentially be applied directly
to an optical carrier, there are many potential benefitsto using a
DS-encoded microwave subcarrier. Foremost for the laser radar
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applicationisthe ability to use the microwave subcarrier to per-
form cancellation of the optical phase noise [8]. This alows
even “noisy” distributed feedback (DFB) lasers to be used for
heterodyne detection. Furthermore, DS OCDMA systems with
amicrowave subcarrier [9] can potentially benefit from full code
orthogonality and a reduction in cumulative shot noise.

In our architecture, we combine the benefits of the spread-
spectrum waveform with heterodyne detection, subcarrier mul-
tiplexing, and phase-noise cancellation. Furthermore, we use
photonic techniques for both the generation and correlation of
the spread-spectrum waveform.

II. PRINCIPLE OF OPERATION
A. System Layout

A block diagram of our DS transmitter and receiver is shown
in Fig. 1. The transmitted optical signal is encoded with a pseu-
dorandom digital sequence. The optical local oscillator (LO)
used for heterodyne detection is likewise modulated with a de-
layed version of the same sequence. The two sequences are
then multiplied together in the receiver to produce a correlation
signal. We show that the amplitude of the correlation signal is
negligible unlessthetime delay of the sequence matchesthetrip
time from transmitter to receiver. This enables a range-gating
function to be performed for laser radar applications. Thetrans-
mitter and receiver are described in detall hereafter.

B. DS Transmitter

In the transmitter, light from a CW DFB lasers is intensity
modulated in a Mach—Zehnder modulator (MZM) by a mi-
crowave carrier at a frequency of wgr:. Following the analysis
of Corral et al. [10] (and noting that our standard MZM is a
particular case of the dual-drive modulator), the optical field
following the modulator can be represented as

Ey(t) o {V/Prexplilwnt + 4u(t) + 1)
. i Jn(m) - cos {7@)“ ; nﬁ)} . ejn(wftmt‘“’/?)} + c.c.
o (1)

where J,,(z) isaBessdl function of thefirst kind of order n; P,
wy, and ¢, () are the power, frequency, and phase of the trans-
mitter's laser, respectively; ¢y, and m are the bias-port-con-
trolled differential phase shift and the optical modulation index,
respectively; and ¢; istheinsertion phase shift through the mod-
ulator when no voltages are applied. The modulated signal spec-
trum isillustrated in Fig. 2(a).
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Fig. 1. Block diagram of transmitter, local oscillator, and correlation receiver. MZM: Mach—-Zehnder modulator; DFB: distributed feedback laser; SMF:
single-mode fiber; ATT: attenuator; POL : polarization controller; PD: photodiode; BPF: bandpass filter. Variables are explained in text.
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Fig.2. Spectraof (a) thetransmitted optical signal (sidebandsof order || > 1
not shown), (b) the modulated optical LO signal (sidebandsof order || > 1 not
shown), (c) the detected signal after the photodiode, and (d) the output signal
from the sguare-law detector, including the relevant component at w;¢. shown
with DS code oFF. Not to scale.

Furthermore, an N-bit-long PRBS «; is applied to the bias
port of the MZM. The amplitude and offset voltage of the se-
quence is adjusted such that the modulator’s bias-port voltage

shifts between V. /2 and 3V, /2 when a bit changes state. This
impliesthat ¢, shifts between 7 /2 and 37 /2.

The transmitter output is then sent through afiber delay line,
attenuator, and polarization compensator. This simulates the
delay and loss of free-space transmission. Since we are using
only 0.7 km of single-mode fiber (SMF), we will assume that
chromatic dispersion and the dispersion penalty [11] is small
enough to be neglected.

In order to present a concise mathematical analysis, we also
make the reasonable assumption that the optical modulation
index m is less than unity. In this case, the higher order terms
of the series expansion in (1) rapidly approach zero. Retaining
only then = 0 and n = %1 termsin (1), the transmitted signal
after propagation to the receiver’s photodiode will be given by

E(t) x \/Picos|ws - (t — 1) + pe(t — 71) + 4]
AJo(m) - alt — 1) — 2J1(m) - sinfwrre - (E— )]} (D)

where
N
a(t)y=—-1+2- Z a;e(t —iT) 3
=0
_J1, for(0<2<T)
e(z) = {0, otherwise } @

T is the bit period, and 7; is the optical path length delay be-
tween the transmitter’s MZM and the receiver’ s photodiode.

Note that if thissignal in (2) were squared, corresponding to
direct detection of intensity in a photodiode, the microwave sub-
carrier at wrry Would be multiplied by the bipolar spreading se-
guence a. As previously demonstrated [12], thisis one method
of generating radio-frequency (RF) bipolar phase-shift-keyed
(BPSK) modulation without the use of an RF mixer.

C. Local Oscillator

A free-running LO laser tuned to an optical frequency of
Wi, 1S used for heterodyne detection. The LO signal is exter-
nally modulated in an MZM using amicrowave carrier at afre-
quency of wgrr,- The spectrum of the LO signal is illustrated
in Fig. 2(b). The digital sequence isfirst delayed by 7., before
being applied to the bias port of the receiver's MZM. Asin the
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transmitter, the drive level is adjusted to shift the bias phase be-
tween 7 /2 and 37 /2 when a bit changes state.

After passing through a short length of fiber, the modulated
LO signal iscombined with the received signal through the 90%
port of a10%/90% coupler and sent to a photodiode. The modu-
lated L O signal after propagation to the photodiodeisthen given

by

Elo(t) X

Py cos [wio - (t = 7o) + ¢10(t — T10) + ¢4]
a(t — Tel — To) — 2J1(m) - sinfwrrio - (t — 710)|}
)

where Py, wio, and ¢),(t) are the power, frequency, and phase
of the LO laser’ s signal, respectively, and 7, isthe optical path
length delay between thelocal oscillator’ sMZM and the photo-
diode. The modulation index m and insertion phase shift ¢, are
assumed to be the same as in the transmitter.

D. Correlation Receiver

The current detected at the photodiode will consist of a ho-
modyne and a heterodyne signal. The heterodyne signa 1, is
given by

1,,(t) oxv/ Pio P; cos|wyt —wy T wioTiot ¢ (E— 71 )— dro(t — 710 )]
. {,]g(m) ~a(t — Tel — T1o)a(t—7¢)

=2 Jo(m)J1(m)a(t—7e— 1) sin[wrr (E—74 )]
—2-Jo(m)Ji(m)a(t — 1) sin[wrrio(t—710)]

+ 4+ JE(m) sinfwrp(t — 72)] sinfwrro(t — T)]} (6)

where w, = w; — wy, 1S the beat frequency. As evident in (6)
and illustrated in Fig. 2(c), the photodiode signal contains the
beat frequency and several sidebands correspondingto thetrans-
mitter and receiver RF modulation frequencies.

Observe that (6) contains the laser phase noise terms ¢ ()
and ¢,(t). However, we now square the signa represented
by (6) by sending the photodiode signal through a microwave
square-law detector. The squared heterodyne signal is given by

I} (t) o< ProPrA(t){1 + cos[2wpt — 2wt + 2WioT10
F2hu(t — 1) = 2¢1(t — 10)]} (7)

where

A(t) =8J5(m)JE(m)a(t — a1 — o )alt — ) folt) fio(t)
+16J¢ (m) F®fi®) + Jo(m)
o (m)JE (m) f (1)
o )fi (1)
- 2JS’(m)J1 m)a(t — ) fi(t)
(

(m)a(
—2J3(m)J1(m)a(t — el — Tio) flo(t)
— 8Jo(m)J} (m)a(t — ) [ (t) i
— 8Jo(m) I3 (m)a(t — Te1 — o) f7 (1) fio(t) ©)
fi(t) = sinfwrr(t — 7)), C)
Jio(t) = Sin[prlo(t — TIo)]- (10)
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The lowest frequency components from the output of the
square-law detector are illustrated in Fig. 2(d). The first
line of (8) gives a signal component at the IF frequency
Wif = WRFt — WRFlo- |f we filter the output of the square-law
detector to pass only the IF frequency, the filtered output I,
will be

I (t) x Ai(t) - cos{wirt — WrpLT: + WRFIoTIo) (11)
where
Aip(t) = Jg(m)Jf(m)a(t — Tel — Tlo)a{t — 7). (12

Note that that this IF frequency component does not contain
the optical phase noise terms ¢, () and ¢y, (¢). Kuri [8] demon-
strated a similar method of optical phase noise cancellation by
heterodyne detection with a dual-mode optical LO and a mi-
crowave square-law detector.

In order to improve the signal-to-noiseratio, a bandpass filter
centered near w;, may be inserted between the photodiode and
the square-law detector as shown in Figs. 1 and 2(c). The filter
would reject dc, the LO homodyne signal at wgF1,, and the het-
erodyne frequency componentsw;, +(wgrrio+wrrt ). Following
the same analysis as previoudly, but with the filtered compo-
nents removed from the heterodyne signal, we find that the IF
frequency signal is till given by (11) and (12).

Clearly, there are other valid filtering arrangements. For ex-
ample, the bandpass filter could be set to pass only w, and the
nearest two sidebands at w; 4= w;s. In this case, the IF frequency
signal, although reduced in amplitude, would still be obtained.

Itisalso evident from (12) that the amplitude of the | F signal
isproportional to the product of the transmitted sequence and its
time-shifted replica. The time-averaged amplitude f(7) of the
IF signal is

T
f(’/‘) = TIiIn — Aif(t) - dt
Gy
T
o Tlim — [ alt — Tl — T10) - a(t — ) - dt
Gy
% / a(t' —7)-a(t’)-dt’ (13)
where
T =Tl + Tlo — T (14

Notethat /() isalsotheautocorrelation function of the pseu-
dorandom signal «(t). Thus, if a(t) isabipolar maximal length
shift register sequence (M sequence), then f(~) will be nearly
zero unless |7| < T'. This makes range-gated measurement in
the laser radar application straightforward.

Also observe that the phase of the IF signal in (11) depends
upon wgrry7¢. This implies that an approaching or receding
target will produce phase modulation. Hence, with some
additional processing, the target velocity could be determined.
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Fig. 3. Direct detection of transmitted signal in photodiode yielding standard
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Fig. 4. Heterodyne signal at photodiode with DS coding oFr. Note the broad
linewidth.

1. EXPERIMENT

Wetested the system using the configuration described previ-
oudly. Thefollowing frequencies were carefully chosen by con-
sidering component bandwidths and the location of spurious
frequencies with respect to the desired signa: wrr: = (27) -
5 GHz, wrrio = (27() -35 GHz,and w;, ~ (27() -11.6 GHz.

Thedigital sequencea; wasan N = 22— 1-bit-long maximal
length sequence (A4 sequence) with abit period of 7 = 36.6 ns.

In order to verify the bias settings of the transmitter’sMZM,
the transmitted DS signal was directly detected (no heterodyne)
a the photodiode. The measured spectrum, shown in Fig. 3,
was centered at 5 GHz and contained nulls spaced by 1/7° (27.3
MH2z). Thiswas as expected for BPSK modulation. The opera-
tion of the receiver’'s MZM was verified in the same manner.

In order to evaluate the heterodyne performance, both lasers
were operated with the microwave subcarriersturned on, but the
DScoding turned oFr (all 0's). Asshownin Fig. 4, thelinewidth
of the measured heterodyne signal was broad. In the absence of
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the DS coding, the observed linewidth was due to the (approx-
imately 1-MHz) linewidth of the DFB laser and the (approxi-
mately 100 kHz) linewidth of the tuneable laser.

The transmitter-to-receiver electrical delay of the code 7,
was then set to approximately 100 b or 3.66 :s. This matched
the transmitter-receiver delay due to propagation through 0.75
km of SMF.

With the DS code and both microwave carriers applied, the
electrical delay was fine-tuned until the IF signal from the
square-law detector output was maximized. This corresponded
to the ideal condition of 7 = 0.

The observed IF signa is shown in Fig. 5. Compare the
narrow linewidth of this signal to the broad linewidth of the
heterodyne signal shown in Fig. 4. Asthe previously presented
theoretical analysis predicts and this measurement verifies, the
laser phase noise was indeed canceled.

Furthermore, astherel ative del ay between the transmitter and
receiver codes was changed, the carrier amplitude decreased ac-
cording to the autocorrel ation function of the M sequencein ex-
cellent agreement with (13). Therelationship isshownin Fig. 6.

In this demonstration, the received power level (measured at
the photodiodeinput) was attenuated to 33 . W. For comparison,
consider that > 4 mW of received power would be required to
reach shot-noise-limited direct detection with this photodiode.
The benefit of heterodyne detection is evident. Nevertheless,
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sensitivity could be improved by replacing the square-law de-
tector used here with an optimally filtered product detector [8],
[13].

IV. DISCUSSION

This architecture offers a number of unique features. Firgt, it
should be obvious that the pseudorandom sequence could be re-
moved from the LO laser and applied instead to a mixer at the
|F stage. However, by applying the sequence to both the trans-
mitter and the LO through an MZM, it is possibleto generate the
required correlation delay by using a combination of electrical
delay and switched optical [14] delay. This would be particu-
larly relevant if we chose to use a sequence that was nondeter-
ministic such that it could not be replicated by use of aformula.
In such a case, the required delay could be obtained optically.

Furthermore, the BPSK codes are applied optically rather
than through a mixer. Hence, the RF carrier frequencies and
code rate can be chosen from anywherewithinthe MZM’ s oper-
ational bandwidth, typically dc to greater than 10 GHz. A good
balanced mixer generally has a much smaller range of opera-
tional frequencies.

The approach was also shown to be immune to laser phase
noise. Since our modulation is imposed on a microwave sub-
carrier, the receiver is designed to be sensitive to the subcarrier
phase rather than the optical phase. Hence, a simple square-law
detector was shown to be an effective means of canceling the
optical phase noise. However, if filters are used before the
square-law or product detector, they must exhibit sufficient
bandwidth to account for the laser linewidth.

One important advantage of this approach is that the bipolar
nature of the pseudorandom sequence is fully preserved
throughout the system. By comparison, the cross-correlation,
autocorrelation, and intercode correlation properties of bipolar
codes are not generally preserved in conventional direct-de-
tection optical systems. This serious limitation has led to the
development of aternative sparse optical orthogona codes
[15], codes that operate with two wavelengths simultaneously
[16], and other esoteric sequences [17]. We do not require any
of these alternative sequences; rather, bipolar sequences that
have been devel oped for wirel ess code-division multiple-access
(CDMA) and RF radar ranging can be used without modifice-
tion.

While coherent detection systems are generally phase pre-
serving, and therefore compatible with bipolar codes, these sys-
temstypically require either exceptionally low laser phase noise
or acomplex optical phase-locked loop setup.

Just asin aconventional CDMA wireless system, areplica of
the transmitted code can be stored locally and synchronized in
thereceiver. Therefore, the transmitter and receiver do not need
to be co-located. Hence, many of these techniques are directly
applicable to OCDMA communication as well.

It is important to note that the system was built entirely
with off-the-shelf 1550-nm telecommunications components
and that the 1550-nm wavelength is also advantageous for
free-space operation when eye safety is a concern.

Finally, we realize that we have not discussed potential prob-
lems due to mode and polarization mismatch. However, these
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problems are not specific to this architecture but are common
to any heterodyne detection system. One solution is the polar-
ization diversity receiver [18], whereby two receivers operatein
parallel, one for each orthogonal polarization state.

V. CONCLUSION

In conclusion, we have demonstrated a novel architecture
for the generation and correlated reception of direct-se-
guence-coded optical signals. The approach is relevant to both
laser radar and OCDMA.

We have used DS coding in order to obtain range resolu-
tion from a modulated CW signal. Furthermore, by using a mi-
crowave subcarrier and a microwave product detector, we are
able to cancel optical phase noise from the received correlation
signal. In addition, the DS code is applied directly to the MZM
rather than through a microwave mixer. Since the DS signal is
also modulated onto the receiver’s LO laser, the delay required
for correlation can berealized by acombination of electrical and
optical delay.

To our knowledge, thisisthefirst demonstration and analysis
of a heterodyne reception architecture that combines the fea
tures of bipolar DS coding and optical phase noise cancellation.
We expect that this will lead to the development of practical,
inexpensive, laser radar, and free-space OCDMA systems built
with off-the-shelf telecommunications components.

REFERENCES

[1] M. Bashkansky and E. Funk, “Phase noise cancellation in ranging CW
heterodyneladar,” presented at the The M SS Active E-O Systems Conf .,
Boulder, CO, Aug. 25-28, 2003.

[2] M. Kaba and J.-C Mallier, “Microwave photonic source for coherent
Doppler lidar system operating at 1550 nm,” in Proc. Int. Topical
Meeting Microwave Photonics, 2002, pp. 277-280.

[3] G. Nykolak, P. F. Szajowski, G. Tourgee, and H. Presby, “2.5 Ghit/s
free space optical link over 4.4 km,” Electronics Letters, vol. 35, pp.
578-579, April 1999.

[4] M. I. Skolnik, Radar Handbook. New York: McGraw-Hill, 1970, ch.
20.5.

[5] JG. Proakis, Digital Communications. New York: McGraw-Hill,
1995, ch. 13.

[6] N. Takeuchi, N. Sugimoto, H. Baba, and K. Sakurai, “Random modula-
tion of CW lidar,” Appl. Opt., vol. 22, pp. 13821386, May 1983.

[7] N. Takeuchi, H. Baba, K. Sakurai, and T. Ueno, “Diode-laser random-
modulation cw lidar,” Appl. Opt., vol. 25, pp. 63-67, Jan. 1986.

[8] T.KuriandK.-I.Kitayama, “Optical heterodyne detection of millimeter-
wave-band radio-on-fiber signals with a remote dual-mode local light
source,” |EEE Trans. Microwave Theory Tech., vol. 49, pp. 2025-2029,
Nov. 2001.

[9] A.Narassimhaand E. Yablonovitch, “ Code-sel ective RF photonic mixing

for usein optical CDMA demultiplexers,” in Proc. 14th Annu. Meeting

Lasers and Electro-Optics Society, 2001, pp. 257-258.

J. L. Corrd, J. Marti, and J. M. Fuster, “General expressionsfor IM/DD

dispersive analog optical links with external modulation or optical

up-conversion in a Mach—-Zehnder electro-optica modulator,” |EEE

Trans. Microwave Theory Tech., vol. 49, pp. 19681976, Oct. 2001.

H. Schmuck, “Comparison of optical millimeter-wave system concepts

with regard to chromatic dispersion,” Electron. Lett., vol. 31, pp.

1848-1849, Oct. 1995.

W. D. Jemison, A. J. Kreuzberger, and E. Funk, “Microwave photonic

vector modulator for high-speed wireless digital communications,”

IEEE Microwave Wireless Compon. Lett., vol. 12, pp. 125-127, Apr.

2002.

R. Gross, R. Olshansky, and M. Schmidt, “Coherent FM-SCM system

using DFB lasers and a phase noise cancellation circuit,” |EEE Photon.

Technoal. Lett., vol. 2, pp. 6668, Jan. 1990.

(10

(11]

(12

(13]



FUNK AND BASHKANSKY: MICROWAVE PHOTONIC DS TRANSMITTER AND HETERODY NE CORRELATION RECEIVER 2967

[14]

[19]

[16]

[17]

(18]

A. P.Goutzoulis, D. K. Davies, and J. M. Zomp, “ Prototype binary fiber
optic delay line,” Opt. Eng., vol. 28, pp. 1193-1202, 1989.

J. A. Sdlehi, “Code division multiple-access techniques in optical fiber
networks. |. Fundamental principles,” IEEE Trans. Commun., vol. 37,
pp. 824-833, Aug. 1989.

Z. Morbi, D. B. Ho, H.-W. Ren, H. Q. Le, and S. S. Pei, “Short range
spectral lidar using mid-infrared semiconductor laser with code divi-
sion multiplexing technique,” in Proc. Conf. Lasers Electro-Optics 2001
(CLEO '01), 2001, pp. 491-492.

C. Nagasawa, M. Abo, H. Yamamoto, and O. Uchino, “Random mod-
ulation cw lidar using new random sequence,” Appl. Opt., val. 29, p.
1466, Apr. 1990.

L. G. Kazovsky , “Phase- and polarization-diversity coherent optical
techniques,” J. Lightwave Technol., vol. 7, pp. 279-292, Feb. 1989.

Eric E. Funk (M’95) received the B.S. degree from
Rensselaer Polytechnic Institute, Troy, NY, in 1988
and the M.S. and Ph.D. degrees from The University
of Maryland, College Park, in 1991 and 1995, respec-
tively.

He is currently with Red Mountain Radio LLC,
Ouray, CO, where his research interests include pho-
tonic, microwave, and radio frequency transmitter
and receiver design.

Dr. Funk servesontheLasers& Electro-Optics So-
ciety (LEOS) Technical Program Committee and has
served as Chair of the Washington, DC, Chapter of the Microwave Theory and
Techniques Society.

Mark Bashkansky received the B.A. degree from Columbia University, New
York, NY, in 1983 and the M.S. and Ph.D. degreesin physicsfrom the Columbia
University Graduate School of Artsand Sciencesin 1984 and 1988, respectively.
Heiscurrently with the Optical SciencesDivision of the Naval Research Lab-
oratory, Washington, DC, where his interestsinclude nonlinear optics and lidar
and optical techniques for nondestructive testing and eval uation of materials.



	MTT025
	Return to Contents


