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Abstract —The frequency response of optical receivers is accurately

calibrated hy measuriug a heterodyne signal generated by mixing two

NdYAG ring lasers. Thk heterodyne system offers more than 50 dB of

dynamic range. Calibration of optical phase and amplitude modulators is

achieved by down-converting a sideband of the modulated optical carrier to

a fixed IF frequency with another laser. This technique eliminates the need

for a high-speed receiver.

I. INTRODUCTION

T HE Nd:YAG ring laser [1], [2] is capable of generat-

ing a stable and narrow line width optical signal. By

mixing the beams of two Nd:YAG ring lasers, a hetero-

dyne signal at the beat frequency of the two lasers is

generated. The wavelength of either laser can be controlled

by varying the temperature of the YAG crystal. Thus, the

frequency of the heterodyne signal can be swept over a

wide range to accurately characterize the frequency re-

sponse of an optical receiver. This dual YAG system is

capable of generating the beat frequencies from dc to more

than 100 GHz with better than 50 dB dynamic range.

The calibration of an optical amplitude modulator is

often performed by direct measurement with a calibrated

receiver. However, such a technique cannot measure the

response of a phase modulator. In addition, as the band-

width of the modulators increases it is important to de-

velop techniques which do not depend on the availability

of high-speed calibrated receivers. The technique we have

developed uses two Nd:YAG lasers, one passing through

the modulator, the other functioning as a local oscillator to

convert one of the sidebands of the modulated carrier to a

fixed IF frequency. This technique eliminates the need for

a high-speed photoreceiver, has a good signal-to-noise ra-

tio, and makes measurement of phase modulator frequency

response possible.

II. Nd:YAG RING LASER HETERODYNE SYSTEM

The laser used in this experiment is a diode laser pumped

monolithic unidirectional ring oscillator which oscillates

on the 1319 nm Nd:YAG transition [2]. It operates in a

single mode with less than 3 kHz line width (Fig. 1) and a
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Fig. L Spectrum analyzer trace of heterodyne signaf of two Nd:YAG
ring lasers with line width less than 3 kHz FWHM.

very stable frequency. These characteristics of this

Nd:YAG ring laser make it an attractive optical source for

precise calibration of the frequency response of optical

devices. The schematic diagram for the calibration of

photodiodes and optical receivers is shown in Fig. 2. The

temperature of the Nd:YAG lasers and settings of the

spectrum analyzer are controlled by a computer. The fre-

quency versus temperature behavior of this YAG laser

heterodyne system is characterized by fixing the tempera-

ture of one YAG while sweeping the temperature of the

other. The beat frequency of the two YAG lasers is mea-

sured and plotted versus temperature in Fig. 3. There are

mode hops which occur with approximately 12 GHz spac-

ing, which are expected from the length of the optical path

in the ring. For frequency swel?ps of more than 12 GHz,

more than one frequency versus temperature tuning band

is used. The data from two or more bands are then pieced

together to form a continuous sweep.

III. OPTICAL RECEIVER CALIBRATION

The heterodyne signal is generated by combining the

two YAG lasers with a polarization-preserving 3 dB cou-

pler. The optical power (PO) at the output of the coupler is
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Fig. 2. Optical heterodyne measurement system for optical receivers.

–20.01 I I I I 1
15.0 21.0 27.0 33.0 3Y.0 45, @

TEMPERATURE (“C)

Fig. 3. Beat frequency versus YAG crystal temperature for

Nd YAG ring laser heterodyne system,

of the form

Po=Pol+ Po2+2/~cos(ti2-@Jt

the dual

(1)

where PO1and P02 denote the optical power delivered to

the receiver from the two YAG lasers. In (1) we assume

that the mixing efficiency of the two lasers is 100 percent.

This assumption is valid only if the lasers are linearly

polarized and their polarizations are aligned along the

same principal axis of the polarization-preserving fiber. A

polarizer is inserted at the output of each laser to ensure

that the lasers are linearly polarized. The polarization

alignment of the lasers to the polarization-preserving fiber’s

axis is achieved using an iterative process involving a
temperature modulation technique [3], with maximization

of the extinction ratio and heterodyne signal.

The RF responsivity of a receiver is defined as

(2)
r rms

where irms is the root-mean-square photocurrent and Prmc
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Fig 4. Measured responses of the optical receiver: (a) receiver fre-

quency response, (b) photocurrent, and (c) input optical power.

is the root-mean-square optical power swing. The value of

irm~ is obtained from the output of the microwave spec-

trum analyzer using the relationship irm, = 1P, /Z., Where
P, is the peak power detected at the spectrum analyzer and

Z. = 50 $2 is the impedance of the analyzer.
-

‘Qm (3)

where il and i2 are the photocurrents from the receiver

due to two lasers respectively and R~C is the relationship....
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Fig. 5. The final calibrated frequency response of the optical receiver.
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Fig. 6. Repeatability measurement ofa3GHz receiver.

between the photocurrent of the receiver and the optical

power delivered to the receiver, also known as the dc

responsivity, which can be calibrated with an optical power

meter and a current meter.

Equation (2) can be expressed in measurable quantities:

1 r P,
R=—- —

R 2ZOi1ia “
(4)

dc

In order to monitor the variation in the laser powers or

photocurrents indi~dually, a mechanical shutter is incor-

porated as shown in Fig. 2. Fig. 4(a) shows the uncali-
brated frequency response of an optical receiver with an

InP/InGaAs high-speed photodiode [4]. The photocurrent

of the receiver and the input optical power from the YAG

lasers are also measured, as shown in Fig. 4(b) and (c), and

show less than 0.5 dB variation during the measurement.
The final calibrated frequency response of the receiver is

obtained by subtracting errors due to the cable, the spec-

trum analyzer, and the variation in optical power. The

final calibrated responsivity versus frequency of the re-

ceiver is shown in Fig. 5. The repeatability of the measure-

ment is better than ~ 0.25 dB for the 22 GHz frequency
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Fig 7. Optical heterodyne measurement system for an optical mod-

ulatol.

range. A 3 GHz receiver calibration (Fig. 6) shows repeat-

ability y of better than 0.3 dB since only a single tenlpera-

ture versus frequency tuning band is required.

IV. OPTICAL MODULATOR CALIBRATION

We have investigated the use of the dual-YAG hetero-

dyne technique for the characterization of LiNbO~ inte-

grated optic modulators. Recently, optical modulators

have been fabricated with response extending out to mil-

limeter-wave frequencies [5], [6]. Directly measuring the

response at these high frequencies presents difficulties in

obtaining sufficiently fast phol.odiodes and in calibrating

the optical receiver. Several techniques have been demon-

strated for characterizing the frequency response of ampli-

tude modulators using a low-frequency uncalibrated opti-

cal receiver [6]–[8]. The heterodyne method we describe

here also emlploys a low-frequmcy receiver and makes it

possible to measure both amplitude and phase modulators.
The heterodyne modulator calibration is shown in Fig.

7. Consider first measurements on a Mach–Zehnder inter-

ferometer intensity modulator [9] biased in quadrature

(half-on) driven with a small RF modulation signal of

frequency Un. The amplitude of the local oscillator laser

measured at the detector is

L~ = A1eJO’t. (5)

For small-signal modulation, the amplitude of the optical

signal through the modulator, measured at the photore-

ceiver, is

ii4~ = AZ(l + kf(ti,,l) cos~n,t)e]’”f (6)

where lf( ti~ ) is the modulation index produced by the

Mach–Zehnder interferometer (kf( ti~) << 1) and Al and

AZ are the magnitudes of the amplitudes of the local

oscillator and modulator signak respectively, measured at

the detector with no modulation signal applied. These two

signals mix in the photodetector to give a detected pho-

tocurrent of

i~=R(L~+M~)(L; +M#) (7)

where R is the responsivity of the detector in A/W.

Considering terms within the bandwidth of the photore-
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Fig. 8. Signafs detected at the spectrum analyzer for the amplitude
modulator measurement: (a) directly modulated signal; (b) heterodyne

signal of two lasers; (c) sidebands of the carrier.

ceiver we find

iR/R=A: +[A2(l+ M(um)cos@mt)]2

+AlA2(l+M(u~) cosu~t)[eJ(@’-u2 )~+e-~(0’-’’2)t].

(8)

Since lf( ti~) <<1, (8) reduces to

iR/R=A: +A; +2 A;(M(ti*)cos@mt)

+2 A1A2cos(&11-@2)r

+M(@*)A1A2 [cos(01-@2–tim)t

+cos(Cdl -ti2+Cdm)t]. (9)

The term at frequency u~ represents direct AM detection

and varies linearly with the optical intensity through the

modulator. The term at frequency UI – ti2 is the hetero-

dyne signal with upper and lower sidebands displaced by

frequency ti~. The heterodyne signals are proportional to

the amplitude of the field through the modulator, A ~,

which can be small due to insertion loss in the modulator.

Thus, the heterodyne signals may be larger than the direct

AM if a strong local oscillator laser signal, Al, is used. Fig.

8 shows the signals displayed on a spectium analyzer with

q – Uz = 1.14 GHz and tin = 200 MHz. The heterodyne

sideband is 10 dB larger that the directly detected signal.
Fig. 9 shows the measured frequency response for a fiber

pigtailed { + + – + } phase reversal electrode amplitude

modulator [5] to 26.5 GHz. The response of the uncoded

modulator (without phase reversals) 1 cm in length is also

plotted and shows the predicted high-frequency roll-off

compared with the coded device.
We next consider the calibration of an optical phase

modulator. For a phase-modulated signal, (6) becomes

MR = A2eJ[M(0~)s1ntim~+~2t] (lo)

where M( Qm) is now the modulation index of the optical

phase modulator. Substituting into (7), the photocurrent
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Fig. 9. Measured frequency response of amplitude modulators: (a)
{+ + - + } phase reversaf electrode amphtude modulator; (b) uncoded

device.
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Fig. 10. Signal detected at the spectrum analyzer for the phase modula-

tor: (a) heterodyne signal of two lasers; (b) fundamental sidebands of

the carrier; (c) sidebands at the second harmomc.

produced by beating the phase-modulated signal with the

local oscillator laser is

i~/R=A~+A~-t2A1 A2cos(M(o.rm) sinumr+(@l-02)l).

(11)

Expanding (10) in terms of Bessel functions,

iR/R=Af +A; +2 A1A2[Jo(M(ufi, ))cos(@1-u2)l

+~l(M(~m)) COS(ml– L.++ (.Jm)t

–Y1(M(~m)) cos(ul–u2–tim)t

+~2(M(Um)) COS(q-(.ZJ2+2Um)t+ “.”]. (12)

The heterodyne and first and second harmonic phase

modulation sidebands are shown in Fig. 10 as displayed on

a spectrum analyzer (for 01 – Qz =1.15 GHz and ti~ =

10 MHz). In Fig. 11 the variation of the heterodyne signal

and the first and second harmonic sidebands is plotted as

a function of drive level and compared with theory. As-

suming a modulation efficiency of 0.14 rad/ V, good agree-
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Fig. 11. Variation of optical phase modulator sidebands as a function

of RF drive power to the modulator. Direct heterodyne (c+ – ti2 ),
fundamental sideband (al – tiz + u.,), and second harmonic sideband
( til – ti2 + 2u.,) are shown.

rnent is obtained with the experimental data. This modula-

tion efficiency is consistent with the measurement of a

switching voltage of 5.5 V for Mach–Zehnder amplitude

modulators with the same electrode pattern (1 cm long

device). To evaluate the modulation efficiency from the

switching voltage it is necessary to include the effect of the

280 series resistor required to match to the 22 Q electrode

transmission line.

The presence of residual amplitude modulation in a

phase modulator can be measured in two ways. Since

~1( ~[ ~~]) = – ~. I( M[Q~]), the upper and lower funda-
mental sidebands of the heterodyne signal in (12) are of

opposite phase. However, for amplitude modulation the

two sidebands are in phase. Thus, a combination of ampli-

tude and phase modulation will be seen as unequal side-

band heights if the magnitudes of each type of modulation

are comparable. For a small amount of AM, the amplitude

can be directly measured at frequency ti~ and the phase

modulation measured by evaluating the heterodyne side-

bands using (12). For the phase modulator described in

Fig. 11, the direct AM signal was observed to be – 67 dBm

with 13 dBm drive to the modulator. The optical intensity

through the modulator (A;) was measured to be

– 15.5 dBm, and the local oscillator signal (A?) was

– 10.4 dBm. From (9) and (12), the residual amplitude

modulation is seen to be – 29 dB below the phase tnodula-

tion sideband at offset frequency LOm.Thus, no significant

difference between the upper and lower sideband power is

expected. The amplitude modulation present in the LiNb03

phase modulator is probably explained by the absence of

antireflection coatings on the end faces of the modulator.

The 4 percent reflection between the epoxied pigtail and

the modulator crystal at the input and output of the device

is consistent with the observed level of residual amplitude

modulation.

In Fig. 12, kf(u~) is plotted as a function of frequency

for a 1 cm uncoded phase modulator. M( u~) is measured

by tracking one of the sidebands with the local oscillator

iii
-0

2

Fig.

–35

r

–––– THEORY

-40
— MEASURED

{ .

-650~1714111.1
10 12 14 16 18 2 )

FREQUENCY (Gliz)

12. Measured and calculated frequency responsesof the phase
modulatcm.

laser, as was done for the measurement of the amplitude

modulator. The measured response shows good agreement

with the theoretical curve.

V. CONCLUSION

A dual Nd:YAG ring laser heterodyne system for the

calibration of optical receivers has been demonstrated.

Such a system can potentially be used as a calibration

standard for optical receivers and photodiodes. This het-

erodyne system is also used to measure the response of

both phase and amplitude modulators without the need for

and precise calibration of a high-speed receiver, and pro-

vides an extended dynamic range in the measurements.
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