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Abstract—This paper reports on the optical generation of depth of a typical target (tumor) is extremely shet2(5 cm),
a rapidly tunable millimeter-wave subcarrier for lidar-radar.  and the round-trip time is of the order of 250 ps. To achieve
The millimeter-wave signal is generated by beating the output \eer signal-to-noise ratio at the lidar—radar receidefjs de-

from two Nd:YVO ,/MgO:LiNbO ; electrooptical monomode . dto be in th hert hich imoli hi tes i
microchip laser sections realized monolithically in a single S!'€d 10 D€ Inhe meganeriz range, which iImplies chirp rates in

composite crystal. The device has a continuous tuning range up €xcess of 1000 THz/s.
to 45 GHz. The measured chirp rate is 3816 THz/s, the voltage  Furthermore, the small size of the tumer3 cm) necessitates

_sensitivity is 10.6 MHz/V, and the measured residual phase noise g high resolutiodAR = U/QAF, which entails a frequency ex-
is —106 dBc/Hz at 10-kHz offset. cursionAZ" of about 30 GHz. While medical applications pose
Index Terms—Electrooptic modulation, fiber radio, frequency-  the most stringent requirements, other applications also require

chirped lidar—radar, microchip laser, optical heterodyning. rapidly tunable sources [3]. The subsequent sections describe
the design, fabrication, and testing of an optical transmitter that
I. INTRODUCTION is capable of generating the chirp rate and frequency excursion

. . defined above.
NCREASINGLY, microwave and millimeter-wave tech- tpe following four methods of optical generation of a mil-

niques are adapted to optical systems, such as lidar fhater-wave subcarrier exist:
detection of underwater objects, aerial turbulence, and tumorsl) direct modulation of a laser diode (LD):
in human tissues [1], [2]. Microwaves and millimeter waves do 2) external modulation: '
not penetrate water or tissue, but light at specified WavelengthSS) laser mode Iocking"
does and, therefore, lidar has been used for detection of objectﬁ) heterodyning of tW(; single-mode lasers
submerged in water or embedded in tissue. However, these '

media intensely scatter light resulting in poor contrast arrect modulation of the LD is limited in bandwidth. External
target identification. Light modulated at microwave frequedodulation is complicated, expensive, and often involves exces-
cies, i.e., lidar—radar, has superior performance compaiye optical losses. Laser mode locking is a very narrow-band
to lidar, as was demonstrated by Mull@t al. [1]. In this Process difficult to frequency modulatg [4]. Laser heterodyrjlng
approach, the lidar—radar echo is detected, and the microwi/@ Proad-band process and it can be ideal for the generation of
envelope recovered and subjected to conventional coher(éfrﬂable millimeter-wave subcarrier if it can be adequately sta-
radar signal processing. This paper concerns the deveIoprr*é'H%ed [5]- )
of a novel rapidly tunable microchip laser for sophisticated LDS have very fast FM modulation speed [6]; however,
frequency chirped lidar-radar technique. To obtain an accurdige to their relatively poor spectrum qgallty, complicated
determination of the depttD and sizeR of the target, i.e., Phase-locked loop (PLL) with broad bandwidth and short delay
chirped lidar radar, where the millimeter-wave modulatio'® €mployed to achieve a good quality heterodyning signal in
frequency is tuned, is considered. the millimeter-wave QOma!n. Most.wablg pptlcal heterodynmg
The beat frequencg f of a chirped detection scheme is approache_s producing hlg.h—quahty m|II|meter_—wave signals
employ solid-state lasers with temperature or piezo-transducer
dF  dF 2D (PZT) tuning [7]-[9], both of which result in very slow tuning
dt T At w speed. In this paper, a novel approach using a monolithic
microchip laser with electrooptic tunability is discussed.

Af =

wheredF'/dt is the chirp ratey is the round-trip delay, and
u IS the velocity in the medium. Medical applications call for
the most stringent requirements on the chirped system since the Il. TUNABLE TRANSMITTER CONCEPT

The concept of rapidly tunable millimeter-wave optical
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M wgte(V)

Isolator

is the 0.3-mm-long Nd: YVQ gain section, M is the MgO: LiNbQ; phase
modulation sectionE; and E, are electrodes.

pump absorption length [10] reduces the chance for Spati?l 2. Heterodyne transmitter implementation, whéte and I, are the

hole burning, thus assuring single-mode Iasm_g. In addition, t  diode pump,Lyis the Laser crystgl, which is c’omposfed of a20.3-mm-long

pump beam produces a thermal lens effect in the Nd: Y,VONd: YVO, section and 1.2-mm-long MgO: LiNbOsection,E; and E are

resulting in onIy one transverse mode in the cavity. The Outpljlt‘s elect_rodes_deposited on_the Li[\IB@odyIator,Pr is the beam coupling

of the two lasers are combined, coupled into a single mof&s™ ! IS the isolator, and”is the fiber collimator.

fiber, and transmitted to a high-speed photodiode, where the

optical signals self-heterodyne, resulting in a microwave ( SPECTRUM

millimeter-wave signal. The monolithic configuration gives 16‘3

the device simplicity, compactness, stability, and reduce

sensitivity to external temperature fluctuations. w3 | ver
Ideally, if the two lasers are at the same temperature, pumg

at the same level, and subjected to no applied voltage, th

output is expected to be identical in optical frequency and inte 1HW

sity. However, if the output frequency of either laser is shifte

by an applied voltage, or subjecting it to different temperature

pump power, then a heterodyned beat frequency is producec

the photodetector. Specifically, we can use pump power biasi 4g

to set the initial frequency, of the millimeter-wave subcarrier. H¥

By applying a time-dependent voltage to one of the lasers [e.

Va(t)], we can then generate a broad-band rapidly tunable m

limeter-wave subcarrien(t) = wo + dw(t). 1061.1nm 1063.6 nm 10686.1nm
The implementation of the transmitter presented in th [SAF_ 0.5nm/ [Ys_20uw//RES .fnm | AVR 1

. S . ' ; . WMKR 1063.60nm | LMKR 104 yw

paper is shown in Fig. 2. This configuration consists of ..

0.3-mm-long Nd: YV_O‘ crystal (the gain _medlum) and 8Fig. 3. Optical spectrum of the heterodyne sigril£ 25 °C, pump 1 =

1.2-mm-long MgO : LiNbQ crystal (the tuning section). The 250 mw, pump 2 = 300 mW). The 0.3-nm wavelength separation between

laser has a 160-mW threshold and a slope efficiency of betteg outputs of two microchip-lasers corresponds to 90-GHz heterodyne signal.

than 30% [11]. Electrodes are deposited on the top and bottom

of the 1 mm thick MgO : LiNbQ section for the tuning/modu- A. Transmitter Tuning Range

lation input signals. : . _— .
Important considerations regarding the performance ofTwo types of tuning ranges are identified: the overall tuning

this optical transmitter include the tuning range, speed, and. 2° (OTR) and continuous tuning range (CTR). The OTR

o L 1s'the maximum frequency excursion over which single-mode
sensitivity to pump power, temperature, and voltage variations, o o X .
. ) L . . operation is maintained. The CTR is the maximum frequency

Another important consideration is the quality of the mil- . . ! . .
limeter-wave signal, particularly phase noise, which limits th%xcursmn over which the transmitter can be varied without
gna’, p yp ’ mo&ie hoping. In general, the OTR will be larger than the CTR.

pptlcal trans_mltter d_ynamlc range. These issues are addresFﬁe CTR determines the transmitter performance in applica-
in the following sections. . . . . )
tions like frequency-chirped lidar-radar where a continuous

relationship between the input signal and millimeter-wave
frequency is desired.

1) Transmitter OTR:The OTR is basically determined by

For rapid chirping of the optical transmitter, a time-varyinghe laser gain bandwidth, which is approximately 120 GHz for
voltage is applied to one of the lasers, causing a shift in thed : YVO,. To illustrate the setting of the transmitter bias point,
heterodyned millimeter-wave frequency. Principal concerns aefer to Fig. 3. This figure shows the optical spectrum of the
the achievable tuning range, sensitivity, and speed. two lasers when they are set to two different bias poifis£

IIl. TUNING RANGE, SENSITIVITY, AND SPEED
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250 mW, P, = 300 mW, T = 25 °C). The spectrum revealsa "0
wavelength separation of 0.3 nm, which corresponds to 90-GI \
millimeter-wave heterodyne frequency. Proper adjustment © €0
pump power results in the generation of millimeter-waves u'e
to 120 GHz.

2) Transmitter CTR:The CTR of the transmitter is deter-
mined by the CTR of a single microchip laser. The microchi °
laser may be continuously tuned when the following two cond
tions are satisfied: 1) no mode hoping occurs and 2) single-ma
operation is maintained. The cavity free spectrum range (FS
sets the upper bound for microchip laser CTR due to mot
hoping, while single-mode operation limits the actual CTR ¢
a specific pump level. 3

Zayhowski [10] reported a comprehensive study on th3
single-mode operation of microchip lasers even when adjace ; :
modes were pumped above the conventional threshold level. 1 2 3 4 5 6 7 8
calculated the effects of spatial-hole burning and excited-ste... Normalized Pump Power With Respect to Laser Threshold
diffusion on the standing-wave laser cavities and determin Id

. . Eg. 4. Laser tuning range versus normalized pump power for different cavity
the extended threshold level for single-mode operation. [hgths. The overall cavity length is varied from 1 to 3 mm, while the Nd : YVO

our investigation, we modified his model to find the extent (ﬁectio'n length is held constant at 0.3 mm. The 1.5-mm-long cavity is used in the
single-mode operation with different biasing conditions arfgerment

voltage tuning. State diffusion, which is a strong function of

the laser media and environment factors, increases the tuningimulations have been performed to determine the tuning
range. Since, in this analysis, we are interested in the lowahge as a function of pump intensity level for various cavity
bound of the tuning range, state diffusion will be neglected. |engths. In order to determingy, ; min, We calculated;(0, )

The condition for the laser to operate in a single-mode fashigsy 21 cavity modes, one at the gain center, and ten below and ten
is related to the factogo, ;), which describes the normalizedabove this frequency. Due to the Lorenzian gain profile of the
necessary pump power (with respect to laser threshold) for #gterial, modes lying outside this span would require very high
ith mode to start to oscillate. Thus, the single-mode conditigump power levels, well exceeding the practical pump intensity
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can be expressed by the following relation [10]: levels and, therefore, are not considered. In the simulation, the
length of the Nd : YVQ section was held constant at 0.3 mm,
Py < €0, )0 Pebireshiold (1) while the total cavity length was varied from 1.0 to 3.0 mm in

0.25-mm increments. The tuning range is a strong function of
where F, is the actual pump power’nreshota IS the pump  pump power, as shown in Fig. 4. At the threshold pump level,
power at the lasing thresholdlis the cavity mode number, andthe transmitter can be tuned continuously over the FSR, which
i=...,-3,-2-1,123, ..., and the number with “0" represents the upper bound of the CTR. The tuning range de-
designating the oscillating cavity mode. The subscripiii”  creases as the pump level increases. For the specific microchip
indicates the minimum value of(o, ;). The factor( ) IS |aser considered here with a cavity length of 1.5 mm, the max-
related to the discrimination factg(0, <), which describes the jmum CTR is 45 GHz. As the normalized pump intensity in-
competition between the oscillating aitd modes [10]. Totake creases to 7.4, the tuning range vanishes. It should be noted that
into consideration the laser frequency tuning, we recalculatggh selection of 1.5-mm cavity length is a compromise between
the discrimination factor [10, eq. 9] as follows: the CTR and voltage tuning sensitivity. Voltage tuning sensi-

5 tivity will be discussed in the following section.
1+ [2(fi — fo+6f)/Afsas] @

14 [26f/Af3a8] ? B. Heterodyne Transmitter Tuning Sensitivity

B, =

where fy and f; are the optical frequency of the second oscilt— In th'itsecu.?ﬁ' we dlstctu SS tne tuning sensitivity Oftdhf optical
lating and theith mode, respectively,f is the laser frequency ransmitter with respect to voltage, pump power, and tempera-

digression from the center of the gain spectrum, At s ture. These parameters are important in understanding how to

is the gain spectrum 3-dB bandwidth. The discriminator factgﬁ'c'emly bias and tune the transmitter.

changes as the frequency is tuned from the gain spectrum cente},)l. Ifjlectncal t\r/10|tﬁgl\? Tunlrl_g SePsnwny\'{Vhenh_volltage !;
which result inC, ;) min Variation. The maximum tuning range2PP!1€C across the L bsection of one microchip laser, the

is reached when the actual normalized pump power becony gctive cavity length and, thus, resanant optical frequency,

greater thao ;) min @s the oscillating frequency is moved furS1anges as well. At the photo detector, the heterodyne frequency
(0, i) min is.then changed by

ther away from the center of gain spectrum. By calculating the
relationship betweed, ;) min @and the frequency tuning from
the gain center, we get the actual microchip laser CTR limited N o nily

by the single-mode operation condition. of = 5. M3 Joptical - nily + naly 8V )
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. . e . Fig. 6. Optical frequency variation versus pump power. The measured
Fig. 5. Voltage tuning sensitivity. The measured slope is 10.6 MHz/V. sensitivity is 210 MHz/mW.

wheren; is the refractive index of extraordinary wave in thdluctuation on the heterodyned millimeter-wave frequency is
LiNbO3 section,n. is the refractive index of ar polarized calculated. The temperature-induced laser frequency variation
wave in the Nd: YVQ gain section/; is the electrooptic sec- is

tion (LINbO3) length,l5 is the gain section (Nd : YV length,

d is the thickness of the LiNbOsection,r33 is the LiINbG; 6 foptical

electrooptic coefficient along the-axis, fopticar is the optical — _ 8n1(T)h + 6na(T)la + m1 611 (T) + nabla(T) Foical
frequency, and is the overlap efficiency between the applied nily + nals optical
electric field and laser cavity mode. Specifically, for our tunable (4)

microchip laser, the calculated tuning sensitivity is 13.4-MHz/V . o .
with an estimated 80% overlap efficiency. The thermal expansion coefficient of MgO :LiNBOand

. —6 —1 —6 —1
The voltage tuning sensitivity of the transmitter was chafyd:YVOs are 2.0x 10 K=" [4] and 7.2x 107 K™
acterized by measuring the heterodyne signal frequency in #&l: respectively. The temperature-induced refractive index

. . . . 5 e —1 O
microwave domain versus the applied voltage. Varying th@rnation coefn_c(!entl? 6.5 1072 K™ [4] for MO : LINbOs
voltage from 0 to 850 V, we measured a 10-GHz beat frequen@)d 39 x 107 K™ [12] for Nd:YVO,. Therefore, the
variation, corresponding to a measured tuning sensitivity §ptimated thermal tuning sensitivity is 18 GHz/K.

10.6 MHz/V, as shown in Fig. 5. The discrepancy between External temperature fluctuations will affect both laser sec-

the measured and theoretical sensitivities is caused by [0S in an identical manner, thus, the heterodyned signal sensi-

inadequate field overlap. Decreasing the crystal thickne®dly can be expressed as

from 1 to 0.15 mm, and improving the overlap efficiency, a 6w 8 foptical w
sensitivity of 100 MHz/V can be achieved. 5T~ T

2) Sensitivity to Pump Power Tunind®ump power variation
will perturb the laser cavity in two ways. First, it will cause avherew is the heterodyne signal frequency. Equation (5) reveals
spatially dependent localized temperature variation, which r@at if we bias the transmitter to produce a 100-GHz beat fre-
sults in a refractive index change. Second, it will change ti§glency, then the temperature-induced drift is 6 MHz/K. As ex-
laser media inversion density and, thus, the refractive indexRgcted, the realization of the two laser sections in a single crystal
well. In both cases, it will modify the cavity resonance cond@ssembly dramatically improves the temperature stability.
tion and, hence, the optical frequency will change.

The sensitivity to the pump power variation was exper
mentally determined by raising the pump power from 210 The tuning speed of the optical transmitter is determined by
to 350 mW. The resulting 32-GHz frequency shift is showthe response speed of the LiNpQ@riving circuitry, and laser
in Fig. 6, corresponding to sensitivity of 210 MHz/mW. Thalynamics. A rigorous study of the laser dynamics requires the
heterodyne signal frequency is extremely sensitive to the pummproduction of a time-dependent velocity (or index of refrac-
power variations, therefore, quiet stable LD pumps are requirian) into the mathematical formulation of the microchip laser
for chirped radar applications. resulting in a very complex nonlinear problem, well beyond the

3) Temperature SensitivityFirst the effect of the tempera- scope of this paper. The most relevant theoretical study was car-
ture variation on the optical frequency of a single laser is deteted out by Genaclet al. [13], who studied the response of the
mined, and then this result is extended to the transmitter colaser in the presence of a very thin electrically tunable crystal
prised of the two lasers. Specifically, the effect of temperatupdaced against one of the mirrors in the optical cavity. Their

®)

f optical

€. Transmitter Tuning Speed
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heuristic arguments predicted a very fast response, but their GHz Ref
derivation does not hold for our case where the tunable mate- Syrthesizer
rial covers 80% of the cavity.

The actual dynamics of the laser comprises of a series of adi-

abatic perturbations caused by the field-induced time-varying -
index of refraction {n/dt). This has two effects within unablle
the cavity. First, it stimulates a time variation of the phase, ¥

or frequency, which is proportional to the field-induced :

nonlinear electrooptic effectf,;(t) = adE(t). Second, it Rarrp sigral

continuously readjusts the resonance condition in the cavity | &eraton

8 fres(t) = BSE(t). If the modulator section is much longer than

the gain sectionl(/ls > 1), thena = b = (fopii 1/2)7127;33 Fig. 7. Experimental setup for chirped-signal generation and characterization.
d the chi to is det L d by th optiea d, fme heterodyne transmitter is locked to an 8-GHz reference signal and

and the chirp rate is determined by the response speed of Q) aied by a 10-MHz 18-y, ramp signal.

electrooptic effect in the LiNb@ which is in the range of

hundreds of gigahertz and by the speed of the driving circuit. 4s running

In general, if the conditiofy /I > 1 does not hold, the anal-

ysis becomes more complicated because the coefficiens” ; e 1
no longer a constant. For the laser under considerdtigh, = =N N »\ /
4 and the difference between the frequency changes remai 7’ WP A T, N :,f St \Y ’ AN
very small. Specifically, simulations indicate thatf,,;(t) — N AN T AN \J
0fres(t)| = €5 < 1/7., wherer, = 1.1 ns is the cold cavity 3
lifetime. This implies that the laser dynamics does not limit the
tuning speed and, once again, the chirp rate is governed by spe I Trace-4
of the electrooptic effect or by the speed of the driving circuit. /‘\ ’\\ ] ’\\ //‘\.\ ’/'\‘
\ G S EE SO 1 I S ¥
V. HETERODYNE TRANSMITTER CHARACTERIZATION \/ \/ \/
The motivatipn for developing a fast tunable miIIimeFer—wavg 256050 s 0.00(')’00 " TR
optical transmitter was to generate a frequency-chirped mi 50.0 ns/div
limeter-wave subcarrier for hybrid lidar—radar and other, . ., Ty 7 Bre i ey 1oyrege
applications. In these applications, low carrier phase noise vp-p¢ 4> 17.6563 v 17.6563 V 17.8125 V 17.6796 V

desired to achieve high dynamic range. Optical heterodyning

would transfer the laser phase noise directly into the mifig- 8. Frequency chirping captured by homodyne frequency discriminator.
limet b ier th f ¢ 2 PLL with 1 MHApphed ramp signal is shown in the bottom trace and the frequency response
Imeter-wave subcarrier; thereiore, a type- wi - 6n the top trace. The chirping rate observed is 3816 THz/s.

loop bandwidth and a damping factor of 0.7 [14] is employed

to suppress the millimeter-wave subcarrier phase noise. Thgy rate of 3816 THz/s. The available voltage ramp generator

loop delay is approximately 10 ns, which is substantially 13§, yently limits the chirp rate, but the transmitter is capable of
than the inverse of the loop gain bandwidth. Furthermore, dHFoducing higher speed chirps if required.

to the narrow linewidth ~kHz) of the solid-state microchip
laser, the effect of the loop delay may be neglected [5]. In tl® Noise Characterization

characterization experiment, the transmitter is locked to anThe phase noise was characterized with the transmitter set

8-GHz microwave reference carrier. Due to the heterodyning ,\ 0 -4 t0 an 8-GHz bias point using the PLL. Fig. 9 shows

conflg_ur ation, the result is equally applicable to frequency fhe measured microwave spectrum and reveals an absolute
the millimeter-wave range.

single-sideband (SSB) phase noise-&0 dBc/Hz at 10-kHz
offset frequency.

Since the absolute phase noise was very close to the syn-

The chirped-signal generation and characterization is carriggtsizer phase noise used in the PLL, it was necessary to find
out using the experimental setup shown in Fig. 7. The free-ruthre actual contribution of the optical transmitter. Thus, the SSB
ning transmitter was initially set to generate a heterodyne fresidual phase noise was also measured using a phase discrimi
guency of 8 GHz by adjusting the pump power while keepingator measuring setup [15], and was found tcti®6 dBc/Hz
their temperatures constant. at 10-kHz offset.

With the transmitter stabilized, a 10-MHz 18-V peak-to-peak By measuring the microwave spectrum of the generated
ramp signal, i.e., the lower trace in Fig. 8, was applied to ometerodyning millimeter-wave signal, a preliminary character-
of the microchip lasers. A microwave homodyne frequency digation of the transmitter amplitude noise was accomplished.
criminator was used to recover the resulting frequency chirpwo sets of discrete spurs at 300 and 500 kHz with amplitude
The recovered signal, i.e., the upper trace in Fig. 8, matches witkaks below—30 dBc were identified. The discrete spurs are
the applied voltage ramp. A frequency excursion of 190.8 MHue to the relaxation oscillation of each laser and are dependent
over a 50-ns time period was measured, which corresponds tmnathe pump power level. For frequencies above the relaxation

A. Chirped-Signal Generation
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Fig. 9. Heterodyne signal spectrum with the tunable transmitter locked to a
8.277-GHz synthesizer reference signal.

(9]
[10]

oscillation, the amplitude noise decreases rapidly to levels
below —150 dBc/Hz. The relaxation oscillation peak can be[11]
suppressed by employing feedback control to the pump laser.
Peak suppression better than 30 dB has been reported in the,
literature [16].

The measured high chirping rate and low amplitude and pha e
noises indicate the potential of the heterodyne optical tranqui
mitter for many applications. -

V. CONCLUSION [16]

A tunable high-speed optical heterodyne transmitter for
lidar—radar has been designed, fabricated, and characterizet¥]
The transmitter consists of two 1.5-mm-long microchip lasers
co-located on the same electrooptic crystal assembly. The
monolithic configuration of realizing two lasers within a
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