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Abstract—A class-B microwave-photonic link using optical fre-
quency modulation (FM) and fiber-Bragg gratings (FBGs) is ana-
lyzed and results verified with measurements. Input voltage is con-
verted linearly to FM, and this FM is converted by each FBG to in-
tensity modulation. For small FM index 3, the signal increases as
32, becoming linear in 3 with a frequency offset or carrier leakage,
and third-order distortion resulting from the detection process is
shown to be worse than that obtained using a Mach-Zehnder inten-
sity modulator at the same modulation index. For large 3(> 10),
third-order distortion approaches zero and ideal class-B operation
is predicted, and the only shot noise and relative intensity noise
(RIN) added is that which arises from the detected signal power.

Index Terms—Class B, microwave-photonic link (MPL), optical
frequency modulation (FM), optical link, radio over fiber, spur-free
dynamic range.

1. INTRODUCTION

ICROWAVE-PHOTONIC links (MPLs) play an impor-
M tant role in many applications including video distribu-
tion networks, radio-over-fiber, and radar systems. In each ap-
plication, noise and distortion limit the spur-free dynamic range
(SFDR) of signals that can be transmitted [1]. Increasing the
dynamic range requires improving the linearity of the RF-to-
optical converter, which increases the high-power limit to the
SFDR, and reducing noise (intensity, shot, and receiver noise),
which reduces the minimum detectable signal.

For traditional links using optical intensity modulation (IM)
and direct detection, the high-power limit to the SFDR is lim-
ited by the linearity of the input voltage-output intensity transfer
function of the modulated optical source. For low-frequency
(<1 GHz) applications (e.g., hybrid fiber-coax cable television
networks), direct modulation benefits from the intrinsic linearity
of a laser current-output intensity response [2]. At higher fre-
quencies, where carrier dynamics from direct modulation create
undesirable resonance distortion, external modulation is used.
Most existing high-performance links use Mach—Zehnder (MZ)
modulators [3]. Although the sinusoidal MZ voltage-transmis-
sion transfer function introduces undesirable third-order distor-
tion, the predictability of the response is well suited for elec-
tronic predistortion [4]. Electroabsorption modulators (EAMs)
offer small size and low power [5], and may provide high lin-
earity under limited operating conditions.
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Even for a perfectly linear IM response, the high-end of the
SFDR is limited by clipping, when the input voltage exceeds
the maximum available optical power. This has been studied for
cable signals [6] and more recently for MPLs [7], revealing that
existing links fall far short of fundamental limits for linearity.
Hence, effort continues to define alternative methods for pro-
viding high end-to-end system linearity.

Popular recent approaches include the use of FM or phase
modulation (PM) with various forms of frequency or phase de-
tectors. An interferometer can be used to detect PM, which may
have several practical advantages [8], but otherwise preserves
the sinusoidal transfer function of a MZ modulator. PM/FM can
be detected using specially-fabricated FBGs [9], where the per-
formance becomes defined by the fabrication of the gratings.
Finally, PM can be detected using an optical phase-locked loop
(OPPL) [10]. Under conditions of high loop gain, high linearity
is achievable as the OPPL tracks the PM on the received optical
signal. Loop stability is a challenge for high gain. So collec-
tively, these approaches struggle to extend the SFDR at the high
input signal limit by reducing distortion.

At the low input signal limit, noise reduction can also lead to
large improvements in SFDR. Shot noise and relative intensity
noise (RIN) powers scale linearly and quadratically in received
optical power, respectively. Since for typical linear operating
conditions much of the received optical signal power resides in
the optical carrier, carrier suppression becomes an important ob-
jective. Examples of approaches explored to suppress the carrier
include low-biasing an MZ [11], which reduces the response of
the signal, and filtering the optical carrier [12], which adds dis-
tortion. Also, the use of PM/FM and FBGs can provide good
linearity at low bias [9].

To maximize SFDR, it is essential to address both the high
and low input power limits to the SFDR. This requires joint car-
rier suppression and linear modulation. An example of this was
demonstrated [13], and extended into class AB [14]. This in-
volves the use of complementary low-biased links to provide an
effectively linear transfer function with zero average dc effec-
tive photocurrent. Ideally for class B, each link would half-wave
rectify the input signal and the complete signal would be recon-
structed at the output of a balanced photodetector. An ideal class
B link has been analyzed [15], in which the only shot noise and
RIN added is that which arises from the detected signal power,
which can be well below receiver noise.

Unfortunately, while class B offers potentially high perfor-
mance, implementation is challenged by the absence of an ideal
linear threshold converter (ILTD). The ILTD must provide an
output optical power of zero for input voltage >0 (or <0, for the
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Fig. 1. Class B optical link with PM/FM modulation, two FBGs, and balanced
(differential) detection.

complementary ILTD), and linear response for voltages <0 (or
>0) up to the maximum optical power available from the source.
While direct modulation of a laser diode appears to match this
requirement, operating a laser diode biased at threshold intro-
duces many problems. These include distortion from gain dy-
namics and high RIN.

In an attempt to overcome this limitation, class B has been
explored using FBGs and PM/FM [16]. In principle, input
voltage is converted linearly to optical frequency at the trans-
mitter, then a FBG with a reflectivity that is linear with optical
frequency is used to provide linear modulated intensity. The
resultant filtered optical electric field is square-law detected in
a photodetector to produce electrical current. This differs from
the standard FM frequency discriminator used in radio sys-
tems, in which the input frequency is discriminated to produce
voltage (electric field) without the square-law detection. It also
differs from normal (class A) optical FM-to-IM conversion
using an optical filter (in which the filtered signal is square-law
detected), in that the nonlinear threshold in the class-B filter
design adds a dramatic complication of both analysis and
behavior. This leads to complex interactions between FM
conditions, FBG characteristics, and FBG bias conditions.

In this paper, we present a complete theoretical description
of this detection/discrimination process and related forms of de-
tection of angle-modulated optical signals. Predictions are con-
firmed through experimental measurement for a variety of mod-
ulation and bias conditions. The paper is organized as follows.
In Section II, the requirements for class B in the context of an
optical system are described. Expressions are derived for the
output of the two FBGs with an FM signal input. In Section III,
the experimental setup is described, followed by numerical and
experimental results in Section IV, discussion in Section V, and
conclusions in Section VI.

II. ANALYSIS

Fig. 1 shows the class B optical link with two FBGs and a
balanced detector [16]. We now describe the FM signal and filter
characteristics, yielding a general expression for the output of
each FBG.

A. Formulation

An angle modulated signal with optical carrier w.., microwave
signal w,,, and modulation index 3

s(t) = cos(wet + O sinwpt)

= > Ju(B) cos(we + nawy, )t ey

n=—0oo
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Fig. 2. (a) FBG amplitude response. The FBG power response is linear in the
operating range. (b) FM magnitude spectrum at FBG input and output for 3 = 2.
The frequency in GHz is relative to the optical carrier.

With only a single microwave carrier at a constant w,, s(t)
may be viewed as both an FM and a PM signal, with /3 inter-
preted as the phase deviation as well as the frequency deviation
divided by w,, . s(t) is converted by the two FBGs FBG1, FBG2
to intensity modulation (IM).

FBGI1 may in general be represented as a filter as shown in
Fig. 2(a), such that at the discrete frequencies w.+nw,,, present
in the spectrum of s(t), the filter output magnitude is h,, =
|H (we + nwyy, )| and with constant group delay 7.

The output of FBG1 is

r1(t) = a1 (t) cosfwet + b1 ()]

> hadu(B) cos[(we + nw) (= 7)) (2)

n=0

with detected photocurrent (optical power)

e 2
ai(t) = Z b Jn(B) cos(nw,t — (we + nwm)T)]
n=000 2
|3 b du(B) sin(nvt — (w. + nwm)ﬂ} o
n=0
and phase

Yoo o hn T (B) sin(nwimt — (we +nwpm )7) )
Yoo o hndn(B) cos(nwpt — (we+nwy,)T) )
4

$1(t)= arctan<

The output of FBG2 is described by the same expressions
with the summation from —oo to 0 and h_,, = h,,. To find
the spectrum of a?(t), we write j,, = hy,J,,(3) for convenience,
expand both summations, compute the square of each, add them
and simplify using cos(u) cos(v) +sin(u) sin(v) = cos(u —v).

The result is

ai(t)= > it +2> Y didiskcos(kwn(t—7)). (5)

1=—00 k=1i=—o0
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As a check, we consider two special cases for the filter h,,.
For an all-pass filter h,, = 1, j,, = J,,(0), there is no discrim-
ination or demodulation, so we expect the envelope a?(t) to be
1. Since 3° _ J,,(z) = 1, the dc term is 1. Since J_,,(z) =
(=1)"J, (), all terms at odd multiples of frequencies nw,y, are
zero. All terms at even multiples are also zero, using the identity
[17]

0=> (=) T(2)Jan-r(2) + 2 Je(2)Jansi(2).  (6)
k=0 k=1

As a second check, if h, = Ky/n+mn; so that
Jn = K\/n+n1J,(0), where ny > 1 is such that .J,,(3) ~ 0
forn > njy, and K > 0 is some constant, then we expect class
A demodulation. We have numerically verified the envelope
a?(t) to be dc plus cos[w,,(t — 7)] with negligible higher
harmonics (< — 100 dB), as expected.

For the FBGs considered here, the amplitude response in

Fig. 2(a)

Hy(w) =0,w < w,
=g/ (w— wc)ejw",wC < w < We + NoWyy,

=T w > we + NoWm 7

where the constant g = 1/ /oWy, is chosen so that the filter
gain is 1 at w = w, £ now,, for some ny where there are no
significant sidebands in s(¢). From Carson’s rule ng ~ [ + 1.
FBG2 is the complementary filter

Hy(w) =0,w > w,

=gv—(w—w.)e

— ejw‘r

YT We — NoWyn < W < We

,W < We — MWy - (8)

The power responses | H; (w)|? and |Ho(w)|? of the two FBGs
are linear in the frequency range of interest. Thus, for FBGI1,
hn = |H(we + nwy,)| = \/n/no forn > 0 and 0 for n < 0,
so that j,, = \/n/noJ,(8). However, as a result of imperfec-
tions in the filters or by intention, j, will in practice be a small

nonzero value jo = \/y/noJo(f) with0 < y < 1.
In this case, a?(t) contains dc and harmonics of all orders

ZJ7 + Z Z 2jijitk cos[k(wm(t — 7). (9)
k=1 1=0

Similarly, for FBG2, h,, = |H(w. + nwy,)| =
n < 0and O forn > 0 and

—+/—n/ng for

0

0o 0
B0 =3 2+ S Lo cosfhuwn(t — 7).

1=—00 k=1i=—o00
(10)

The class B output obtained from the difference a3 (t) — a3 (#)
results in cancelation of the dc and even harmonics, and a dou-
bling of the fundamental and odd harmonics

= > ) djijipkcoslhwp (t — 7). (11)

k=1,kodd =0

a%(t — a2
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The ratio 7, of the kth harmonic to the carrier wave for both a?
and a2 is

Yoico hihivkJi(8) Jivk(B)
Yico hihit1Ji(B) Tis1(B)

For large (3, these results are expected to correspond to those
obtained from a half-wave rectified sine wave [17]

= Soic o Jiditk _
Z;.io jiji—l—l

12)

1 1. — 2 1
U(t) = ; —+ Esmwt — Z ; <m COS kwt)

k=2,keven
(13)

so that ro = 4/3mw, 73 = 0,74 = 4/157, 75 = 0, and in general
rr = (4)/(w(k — 1)(k + 1)) for k even and zero otherwise.

B. Small Modulation Index Analysis

In this subsection, we find the signal relative to dc for small
FM index # < 1 using approximations from the series expan-
sion

oo 1\l 2l4n
O

Fifth-order and higher terms are omitted.
It may be desirable or unavoidable to have some of the carrier
leak through the filter, as discussed later. If the leakage at w, is

ho = \/y/no = Vx # 0
ai(t) = [e(1 - 52/2) + (B2 /4 + */32)

+ cos(wm (t — 7))(x(8/2)
+V26% /8 + V63° /192)
+ cos(2w (t — 7)) (xV2(5/8) + V33*/48)
+ cos(3w,, (t — 7)) (xV/3(6% /48) + 3°/192)
+ cos(dwp, (t — 7)) (z6*/192 + 3°/192)
+ cos(5w, (t — 7)) (#V/53°/3840)] /ng.  (15)

The output of FBG?2 is identical, except that the fundamental
signal and odd harmonics have the opposite sign.

The class B output is doubled at the odd harmonics and can-
celed to zero at dc and even harmonics.

III. EXPERIMENTAL SETUP AND APPROACH

Fig. 3 shows the experimental setup to test the theoretical
analysis. The output of the external-cavity tunable (ECT) laser
is phase modulated by an RF signal at f,,, = w,, /27 = 1 GHz.
The phase-modulated optical signal is then amplified using an
Erbium-doped fiber amplifier (EDFA) before being directed to-
wards a fiber-Bragg grating (FBG). The specially designed FBG
works as an optical frequency discriminator (OFD) with a linear
transfer function (power reflectivity versus optical frequency)
over 10 GHz, shown as inset in Fig. 3. Thus, ny = 10, and clip-
ping of significant sidebands will occur for 3 > 9.

The FBGs were fabricated by Redfern Optical Components,
targeting constant group delay and a linear power reflectivity
R over a 10-GHz frequency ramp. Maximum R of each 13-cm-
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Fig. 3. Experimental setup. The inset shows the FBG power response.

long grating is 94%. Group delay variations are typically £10 ps
over the linear portions of the response curve, with larger vari-
ations at the corners and over the portions with flat frequency
response.

The RF spectra of the reflected light from OFD are measured
using a photodetector (O/E) and an electrical spectrum analyzer
(ESA), while the waveforms are measured by an optical sam-
pling scope. A practical Class-B link, as reported in [16], con-
sists of two complementary OFD and balanced detection. The
link in Fig. 3, with FBG biased at zero, measures effectively the
spectral and temporal characteristics of one path of the Class-B
link, which is sufficient to validate this analysis.

IV. NUMERICAL AND EXPERIMENTAL RESULTS

Numerical results are shown in both time and frequency do-
mains, followed by experimental results.

Figs. 4-6 show a?(t), a3(t) and a?(t) — a3(t) for different
values of 3 with z = 0. We observe that for 3 = 0.5, each
FBG output contains a significant dc component (which can-
cels in class B), and low harmonic distortion. For 8 = 2.0 the
dc component from each FBG is smaller relative to the signal
component, but the odd harmonic distortion is increased. For
B = 8.0, the dc component of each FBG output approaches its
smallest possible value (half of the peak to peak signal compo-
nent), but the harmonic distortion in each FBG output is quite
apparent. For the latter case, the FBG outputs begin to approx-
imate the expected ideal class B operation. For 5 > 20 (not
shown), the complementary signals appear as half-wave recti-
fied cosine waves, and the output approximates a cosine wave.
These results can also be observed using a frequency domain
view of the FBG outputs. For the class B output of the balanced
detector, the signal and odd harmonics are doubled, and the dc
and even harmonics are canceled out.

Values of the dc component, desired signal component (fun-
damental) and harmonics of a?(t) are plotted versus 3 in Fig. 7
using (9) with carrier leakage = 0 and for S up to 0.5, showing
that the signal curve 1 increases with 33. Fig. 8 shows the cor-
responding values with x = 0.1. In this case, the signal curve
1 increases linearly with § (from the signal term in (15), the
linear term dominates when 32 > 4 /+/2). Operating with
some residual carrier leads to a linear input-output relationship
with significant dc, typical of class A links.

Fig. 9 shows values of the dc component, desired signal com-
ponent (fundamental) and harmonics of a?(t) versus 3 over a
larger range of 3 up to 2.5 and harmonics up to the 5th, with
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2 = 0. For large 3, the absolute value of power in the odd har-
monics increases linearly with £.

Fig. 10 shows the ratio of the kth harmonic to dc, and Figs. 11
and 12 show the ratio of the kth harmonic to carrier for k =
2,3,4, and 5 with z = 0. Fig. 12 is a magnified view of Fig. 11.
The ratios increase with 3 for small 3 to reach a peak value for
£ in the range 3 to 4. For large 8 > 10, the ratios approach a
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constant value near the ratios expected for a half-wave rectified
cosine wave.
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Fig. 11. Ratio of harmonics to signal voltage versus 3 at one FBG output.

In particular, Fig. 10 shows the signal-to-dc ratio is as high as
it can be for a rectified cosine wave signal. Figs. 11 and 12 show
that the third-order harmonic distortion at one FBG output is low
for small 3, maximum for intermediate J, and reduces towards
zero as [3 is further increased. Thus, for large 3 the FBG filter
shape in (7) simultaneously achieves both the lowest possible
dc (i.e., the dc component of a rectified cosine wave) and low
third-order harmonic distortion at each FBG output (which leads
to maximum SDFR in class B operation [15]). However, this
ideal class B result is obtained only for (3 greater than about 20.

To confirm these theoretical results, Figs. 13—-16 show the
power of one FBG output from (5) for specified values of § and
x, along with the corresponding measured results in both time
and frequency domains. Fig. 13 shows one cycle of the detected
voltage for § = 0.5,z = 0.05. Aside from a slight phase shift,
agreement between theory and experiment is reasonable. Fig. 14
shows the power spectrum of the detected voltage at one FBG
output, obtained by taking the fast Fourier transform (FFT) of
the five cycles of the time domain waveform that were recorded.
The agreement between theory and FFT is excellent; however,
the actual frequency domain measurements agree less well but
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nified view of previous figure.
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Fig. 13. Detected voltage at one FBG output, 3 = 0.5, 2 = 0.05.

still reasonably. Fig. 15 shows one cycle of the detected voltage
for # = 2.0,z = 0.05, and Fig. 16 shows the frequency domain
results. Agreement between theory and experiment is similar to
that for Figs. 13 and 14. Measurements for = 8 could not
be obtained due to limitations on the RF power, and thus FM
clipping was not a factor in the experiments.

The full class B system with two FBGs was not implemented.
The single FBG results reported here are of value regardless,
since they confirm the analysis showing that ideal class B FM
can be achieved with a large modulation index.

V. DISCUSSION

Equation (15) shows that for small [, class B operation re-
sults in third-order distortion that is fundamental to the detection
process and must be considered in link performance. The ratio
of third-order (third harmonic) distortion to signal (3HD/S),
given by (15) and assuming sufficient carrier leakage that the x
terms dominate, is 3% /13.7 = m?/3.43, where the modulation
index (signal/dc) m = (3/2. For a quadrature-biased MZ mod-
ulator, 3H D /S = m? /24. Therefore, third-order distortion for
small (3 is substantially worse than an MZ intensity modulator.
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Fig. 16. Power spectrum of detected voltage at one FBG output, 3 = 2.0,z =
0.05.

In contrast, for large 3, class B operation results in the ratio
of third-order distortion to signal reducing towards zero as (3 is
increased, and the signal/dc ratio is the 7 /2 value for a half-wave
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Fig. 17. Optimum class B filter amplitude response for 3 = 8. The frequency
in GHz is relative to the optical carrier.

rectified cosine wave. Shot noise and RIN are functions of dc
and thus are substantially lower for ideal class B operation with
large 3 than for conventional links [15].

The essential result is that class B FM does achieve low dc and
low third-order harmonic distortion, but only for large 3. This
may appear counter-intuitive, since for all values of 3 including
small j3, the instantaneous frequency varies sinusoidally above
and below w,. and thus the FBG output might be expected to be a
rectified cosine wave with low dc and low third-order harmonic
distortion. However, the results show that for small 3 this is
not the case. The reason this intuition fails is that combining
a time-domain view of the FM signal (instantaneous frequency,
not averaged over time) with a frequency domain view of the
FBG filter response is inconsistent with the frequency domain
analysis in (2).

In the Appendix, we find an “optimum” filter shape that does
achieve both low dc and low third-order distortion simultane-
ously for any [ including small 3, but this filter shape depends
on (3 and thus is not practical to implement over a range of (3.

VI. CONCLUSION

A class-B MPL using optical FM and fiber-Bragg gratings is
analyzed and results verified with measurements. Input voltage
is converted linearly to FM, and this FM is converted by each
FBG to intensity modulation (IM). The balanced detector sub-
tracts currents generated in each detector, yielding an effective
transfer function with zero dc. The signal increases as 3> for
small 3, becoming linear in  with carrier leakage. This car-
rier leakage makes the class B link behave more like a sup-
pressed carrier class A link, and may generally provide ade-
quate reduction in dc-related noise. We have quantified the level
of third-order distortion that results from the sideband filtering
operation, and shown that for small 3, this is worse than for a
MZ intensity modulator. However, for large (3, class B opera-
tion operates as expected, simultaneously achieving low dc and
low third-order distortion, and thus substantially reduces IM3,
shot noise, and RIN, as reported in [15]. Ideal class B operation
can be realized for large index FM modulation only.
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APPENDIX

In this Appendix, we consider a more optimum filter
shape h, which achieves both low dc and low third-order
harmonic distortion for both large and small 3. The desired
filter output will have an envelope appearing as a recti-
fied cos wave SrectcosFM () = Srecteos(t) - sFM(t). An FM
signal with an exact rectified cosine envelope has a spec-

trum SrectcosFM(f) = Srectcos(f) ® SFM(f) The ratio
Hopt(f) = Srectcostm (f)/Seam(f) is the transfer function of
a filter which yields SyectcosrM (t) in response to input sppp(¢).
Note that H,,¢ has a nonzero response on both sides of the
carrier, and is optimum for only one particular value of /3. For
large 3 = 8 (Fig. 17), the optimum filter begins to approximate
the FBG transfer function (7) shown in Fig. 2(a).
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