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Phase noise of a microwave photonic channel:
direct-current versus external electro-optic modulation
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We characterize the phase noise of a microwave photonic channel, where a 10 GHz signal is carried by an
intensity-modulated light beam over a short optical fiber, and detected. Two options are compared, (i) an
electro-optic modulator (EOM), and (ii) the direct modulation of the laser current. The 1.55 ym laser and
the detector are the same. The effect of experimental parameters is investigated, the main of which are the
microwave power and the laser bias current. The main result is that the upper bound of the phase flicker
is —117 dBrad? in the case of the EOM, limited by the background noise of the setup. In contrast, with
direct modulation of the laser, the flicker is of —114 to —100 dBrad?, depending on the laser bias current
(50-90 mA), and the highest noise occurs at the lowest bias. Our results are of interest in communications,

radar systems, instrumentation and metrology.

OCIS codes: (120.3930) Metrological instrumentation; (120.0120)Instrumentation, measurement, and metrology; (250.0250) Optoelectronics;

(140.0140) Lasers and laser optics;
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1. INTRODUCTION

The generation of low-phase-noise microwaves from optics has
found great interest and extensive use in applications such as
high-performance Doppler radar systems [1], communications
[2], low-timing jitter analog-digital conversion [3], and time and
frequency metrology [4, 5]. Additionally, low noise microwaves
carried by an optical beam are required in vapor cell atomic
clocks based on coherent population trapping (CPT) [6] because
the phase noise of the microwave field which interrogates the
atoms can limit the clock’s short-term stability [7].

The purest microwaves are nowadays obtained by frequency-
division from cavity-stabilized lasers using optical frequency
combs (OFCs) [8]. The phase noise of such systems is of the or-
der of —172 and —107 dBrad?/Hz at 100 kHz and 1 Hz Fourier
frequency, respectively, compliant with zeptosecond-level time
fluctuations [9]. However, ultra-stable optical cavities and OFCs
are rather large and fragile pieces of equipment, compared to
regular oscillators and synthesizers. The cavity requires extreme
mechanical and thermal stability, while the OFC relies on the
generation of octave-wide supercontinuumm light and on the si-
multaneous stabilization of repetition rate and carrier-envelope
frequency offset. Therefore, moving such systems outside metro-
logical labs is a challenge [10, 11]. Simpler and compact systems
have been proposed [12], relying on the use of a free-running
monolithic femtosecond laser [13], or on the transfer oscillator
technique [5, 14], possibly coupled with soliton-microcombs

[15, 16].

The optoelectronic oscillator (OEO) is an alternative option
for the generation of low noise microwaves [17-20]. The OEO
is a delay-line oscillator, where the microwave delay is imple-
mented with a photonic channel (laser, intensity modulator, opti-
cal fiber and photodetector). The low loss of the fiber (0.2 dB/km
at 1.55 ym wavelength) enables the implementation of a long
delay, which is equivalent to a large-Q resonator in the feedback
loop. For example, a delay of 10 us (2 km fiber) is equivalent
to Q = 3.14x10° at 10 GHz carrier, out of reach for room-
temperature resonators (Ref. 21, Chap. 3-4).

Two main modulation configurations are seen in OEOs and
in CPT clocks, namely, (i) a fibered Mach-Zehnder electro-optic
modulator (EOM) at the output of a CW laser diode, and (ii)
the direct modulation (DM) of a laser diode. The former option
is most often used, and is encountered in the demonstration of
state-of-the-art OEOs [20] and CPT-based atomic clocks [6]. That
said, there are good reasons to abandon the EOM in favor of
the direct modulation. The EOM is large (= 10 cm long) and
expensive, it has large optical loss (4-5 dB, plus 3 dB intrinsic
loss due to the idle point at half power), shows large tempera-
ture sensitivity because of the LiNbO3 waveguide, and requires
large microwave power (=~ 50—100 mW). In turn, this is detri-
mental to the thermal stability, and stabilization of the bias point
may be necessary [22]. Conversely, the direct modulation of
the laser requires only an appropriate network to combine DC
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Fig. 1. Simplified schematic of the experimental setup used for phase noise measurements at 10 GHz of the microwave-modulated
laser system. The 10 GHz microwave reference is split into two arms. Setting the switch in position ‘1’ (actually, moving a semi-
rigid cable and terminating the unused input), the microwave modulates the laser power via the bias current, and the MZ EOM
is replaced with a fiber patch. In position ‘2,” the laser is in CW mode, and the beam is modulated by the EOM. The fast photodi-
ode (FPD) extracts the microwave, which is amplified and compared to the reference. With the RF and LO inputs saturated and
in quadrature, the mixer works as a phase-to-voltage converter. The Fast Fourier Transform (FFT) analyzer measures the power
spectral density averaged over a convenient number of acquisitions, which smooths the phase-noise plots.

bias and microwave in the laser diode. Several OEO structures
based on directly modulated distributed-feedback lasers [23-
25], vertical-cavity surface-emitting lasers [26] and microsquare
[27] lasers have been demonstrated, with phase noise levels
reaching —129 dBrad?/Hz at 10 kHz Fourier frequency for a
10 GHz carrier. With the same motivation, high-performance
CPT-based atomic clocks using directly-modulated lasers have
been reported, exhibiting competitive short-term stability [28].

The studies discussed focus on the characterization of the
overall phase noise of the output microwave signal, with com-
paratively little attention to the noise contribution of the pho-
tonic channel, i.e., microwave-to-microwave via modulated light.
Yet, the quantitative knowledge of such contribution is neces-
sary to assess ultimate phase noise limit. The phase noise of
optical links using DM lasers was considered in [29], but re-
porting a limited number of experimental cases. Other studies
focus on the numerical [30] or electrical modelling [31, 32] of DM
laser systems. A theoretical analysis on the noise of links using
externally-modulated lasers is reported in [33]. Reference [34]
demonstrates a technique to mitigate the microwave phase noise
of a DM laser using feedback on the laser current. Reference
[35] reports on a self-sustained microwave oscillator, based on a
EOM and on a CPT cesium cell as the resonator in the feedback
loop, with a phase noise in agreement with the Leeson model
[21, 36].

In this article, we compare the phase noise of a 10 GHz pho-
tonic channel in the two relevant configurations mentioned, CW
laser followed by an EOM, and directly modulated laser. The
flicker phase noise is lower than —117 dBrad? in the case of
the EOM-based setup. This is an upper bound, limited by the
background of the measurement system. For comparison, the
flicker of high-speed photodetectors similar to ours is of —120
dBrad? or lower [37]. We found no data about the flicker of
the EOM, but our experience suggests that it is negligible at
this scale. In contrast, the direct modulation gives a flicker of
—114 dBrad? at 90 mA bias current, progressively increasing to
—100 dBrad? when the bias current is reduced to 50 mA. The
higher noise, compared to the CW laser plus EOM, is clearly due

to the modulation of the laser bias current.

2. EXPERIMENTAL SETUP

Figure 1 shows a schematic of the experimental setup. The
reference microwave source is a Rohde & Schwarz SMB100A.
The laser source is a single-mode pigtailed distributed feedback
(DFB) diode laser (Gooch and Housego AA0701) with internal
isolator, emitting at 1550 nm wavelength. The laser is driven by
a low noise current controller [38] and is integrated in a Butterfly
package with embedded thermistor and Peltier cooler. The laser
has an efficiency of ~ 0.19 W/A beyond the 10 mA threshold,
delivering 16 mW optical power at 90 mA bias current. The laser
is followed by a voltage-controlled optical attenuator (VOA,
IDIL COCOMO03898, not shown on Fig. 1), which is used to set
the same optical power at the photodetector input for the two
configurations. The EOM (iXblue MXAN-LN-20, V; ~ 5.5 V)
has no temperature control. The bias voltage V}, is provided
by a commercial voltage supply (Keysight E3620A), with no
active control because the EOM is stable enough for the short
duration of our experiments. However, a control is needed for
long-term operation of the modulated laser [39]. The EOM has
a polarization controller at the input. The fast photodiode, a
Discovery DSC30, is followed by four cascaded HMC606 am-
plifiers with 9 dB attenuation between 2™ and 3, providing
a total gain of 35 dB and a noise figure of 4.8 dB. The output
power at the amplifier output is measured with a power meter
(Rohde-Schwarz NRVS) tapping the signal with a 10-dB direc-
tional coupler (Macom PN2020). The mixer (Miteq DB0218) is
followed by a 1.9 MHz lowpass filter (Mini-Circuits SLP-1.9+)
which eliminates the 2nd harmonics (20 GHz) and unnecessary
high-frequency noise, followed by a 40 dB low-noise amplifier
optimized for lowest flicker [40]. The fast Fourier transform
(FFT) analyzer is a HP3562A. However old, it features efficient
logarithmic frequency resolution. A line stretcher (Arra 9426B)
in the lower arm of the system enables fine adjustment of the
quadrature relation at the mixer inputs. The background noise
of the setup is measured by replacing the photonic channel with
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Table 1. Experimental conditions for plots shown in Fig. 2-3.
The quantities P,w, P , Pyo and kg are the microwave power
at the synthesizer output, the optical power at the photodiode
input, the microwave power at the amplifier input, and the
mixer phase-to-voltage gain, respectively.

(A) parameters of Fig. 2(a)

Pyw (dBm) | Py (mW) | Pyo (dBm) | ky (mV/rad)
10 3.75 —30.65 179
12 3.75 —28.65 223
14 3.75 —26.65 268
16 3.75 —24.7 320
18 3.75 —-23 371

(B) parameters of Fig. 2(b)

I, (mA) Py (mW) | Py (dBm) | ky (mV/rad)
50 1.8 —30.6 207
60 23 —-279 258
70 2.8 —25.8 296
80 3.3 —24.2 334
90 3.75 —23 371

(C) parameters of Fig. 3

I, (mA) Py (mW) | Py (dBm) | kg (mV/rad)
50 0.45 —30.6 200
60 0.85 —279 245
70 1.3 —25.8 290
80 1.95 —24.2 323
90 2.7 —23 363

a variable attenuator (Arra 6803-10A), so that the microwave
power remains the same as in the two configurations under test.

3. EXPERIMENTAL RESULTS

We express the phase noise in terms of power spectral density
Sy(f) of the random phase ¢(t), as a function of the Fourier
(modulation) frequency f. Its physical dimension is rad?/Hz.
The usual polynomial approximation of S,(f) is in our case
limited to flicker and white terms, b_;/f and by, respectively.
Their units are rad? for b_q, and rad?/Hz for by. Albeit the
quantity .Z(f) is more often seen in the literature, defined as
1S (f) [41], Sy (f) should be preferred because it is expressed
in SI units, while .Z(f) is not. We encourage reading Ref. [42]
for a tutorial on phase noise and Ref. [41] for the commonly
agreed terminology.

The experimental conditions of our measurements are re-
ported in Table 1, which introduces Figs. 2-3, explained later.
Notice that P,y is the nominal power at the synthesizer output,
while the microwave power at the laser (or EOM) input is 6.6 dB
lower.

Figure 2(a) shows the phase noise S,(f) of the EOM con-
figuration at 10 GHz carrier frequency, with fixed laser bias
current (I, = 90 mA) and different values of the microwave
power P,y from the microwave source. The flicker coefficient
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Fig. 2. Phase noise at 10 GHz with the EOM-based laser sys-
tem. (a) Fixed bias current (I, = 90 mA) and different mi-
crowave powers P,y . (b) Fixed microwave power (Puw =18
dBm) and various I, values. The background noise of the
setup is also reported (P, = 18 dBm).
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Fig. 3. Phase noise at 10 GHz with the DM-laser system, for
P,w =18 dBm, and different values of ;. The background
noise of the setup is also reported (I, = 90 mA).

is —117 dBrad?, almost independent of the microwave power.
This fact is consistent with the concept of phase modulation
from a near-DC 1/ f fluctuation that we have described in [43].
The value reported is only an upper bound because it equals
the background noise of the setup. Nonetheless, a slight degra-
dation shows up at the lowest power, P,y = 10 dBm. More
sophisticated methods [44] can be envisioned for determining
the flicker limitation set by the EOM. However, the level we mea-
sured is already lower than the phase noise of state-of-the-art
microwave sources [9, 45, 46].

Still on Fig. 2(a), we see that the white region of the back-
ground noise is —141 dBrad?/Hz at 90 mA bias and at maxi-
mum microwave power. This value is satisfactory, to the ex-
tent that it is a few dB lower than that of the photonic channel.
The background noise is due to the amplifier noise (thermal
noise and noise figure), and to the shot noise. The former is
Samp = FkT = 1.25x1072 W/Hz where F = 3 (4.8 dB) is the
noise factor, and kT = 4x10~2! J is the thermal energy at room
temperature. The latter is Sg, = 2¢9IR = 2.5x10720 W/Hz on
the R = 25 () load (the shot current sees two 50 (2 loads in paral-
lel, one inside the diode and one inside the amplifier), but only
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Fig. 4. Comparison of phase noise spectra obtained for the
DM-and EOM-based laser systems. The setup background
noise is also reported for information. (a) I = 90 mA and
Pyw =18 dBm. (b) I; = 50 mA and P,y = 18 dBm.

half of this is transferred to the amplifier. Thus, amplifier and
shot noise give nearly equal contributions, and the overall noise
is N =2.5%x10"20 W/Hz. According to [43], the phase noise is
S¢(f) = N/Pyg = 5x10~'° rad® /Hz (—143 dBrad®/Hz) with
P, = 5 uW (=23 dBm). There is a discrepancy of 2 dB. This
is due to a technical problem inside the amplifier. A separate
test on the amplifier alone shows that the white noise exceeds
FkT/ P,0 when the input power at one of the four stages is com-
parable or higher than the compression point, resulting in re-
duced gain.

Large spikes, seen in all phase-noise spectra at 50 Hz, 150 Hz
and 250 Hz, are clearly due to the 50 Hz power grid. Their pres-
ence is ubiquitous in phase noise measurements, with dominant
odd harmonics and barely visible even harmonics. In order to
interpret these spikes as a phase modulation, they have to be
de-normalized accounting to the bandwidth associated to the
corresponding bin, which is approximately 3% of the Fourier
frequency.

Then, we measured the phase noise for different values of
Iy, from 50 mA to 90 mA in 10 mA steps, at P,y = 18 dBm
constant power. The results shown in Fig. 2(b) are obtained in
the conditions detailed in Table 1(B). The flicker coefficient is
—117 dBrad? for all I;,, except for a small degradation at 50 mA.
A notable degradation is observed, at fixed microwave power
when the EOM is operated off the maximum-sensitivity con-
dition by changing the bias voltage V},. For example, at V};, =
0.6 V (1.3 V below the optimal operation point), the flicker was
degraded to —100 dBrad?.

Figure 3 shows results obtained with DM of the laser current,
at fixed microwave power (Puw =18 dBm) and for several values
of I, from 50 mA to 90 mA in 10 mA steps. Accounting for the
6.6 dB microwave loss mentioned, the estimated AC part of the
laser bias is 24 mA peak on 50 Q). So, in all cases, the bias is
well above the 10-mA laser threshold. The lowest phase flicker,
—114 dBrad?, is obtained at 90 mA. Reducing the bias current
results in a relevant degradation of the flicker, up to —100 dBrad?
at 50 mA bias. This behavior is due to the increase of the laser
low-frequency amplitude and frequency noise occurring at low
bias current, up-converted to the microwave frequency [30-32].

Figure 4 provides a direct comparison between the two op-
tions, EOM and DM. At the highest bias value (Fig. 4 (a),
I, =90 mA and P,y = 18 dBm), the DM suffers from slightly

Fig. 5. Phase noise at 10 GHz at f =1 Hz (a) and f =10 kHz
(b) for the DM-laser, the EOM-system and the measurement
setup.

higher flicker, while the white noise is nearly equal and just a
few dB higher than the background noise of the setup. In con-
trast, at low bias (Fig.4 (a), I, = 50 mA and P,y = 18 dBm) the
flicker noise of the DM laser gets 15 dB higher, while the EOM
system is not affected. The white noise of both increases but the
DM features lower white noise.

Finally, Fig. 5 shows the typical phase flicker (phase noise at
f = 1 Hz) and white (phase noise at f = 10 kHz) for the two
options, measured with P],W = 18 dBm. We remind here that
flicker and white phase noise result from different processes.
The white noise is an additive process while the flicker phase
noise results from the up-conversion around the microwave
carrier of the low-frequency 1/f noise of components [21]. In
the present study, the flicker noise of microwaves obtained with
the DM-laser is higher than with the EOM system for all bias
current values. For bias values lower than 80 mA, the noise floor
obtained with the EOM is higher than with the DM-laser system
and found to increase when I}, decreases.

4. CONCLUSIONS

We have reported on the phase noise of a photonic microwave
channel at 10 GHz, comparing the cases where direct modulation
(DM) of the laser current or external electro-optic modulation is
used. The laser system using the EOM features a flicker noise
coefficient lower than —117 dBrad? in a large range of laser
bias current, and microwave power. This is an upper bound
because measurement is limited by the background noise of the
setup. Conversely, the white noise floor of the setup is not a
limitation, even accounting for the 2-dB excess noise due to the
microwave amplifier. The flicker noise of the DM scheme is
higher than that of the EOM scheme. We observed —114 dBrad?
for a bias current of 90 mA, degraded to —100 dBrad? for a bias
current of 50 mA. For both configurations, flicker phase noise
levels obtained under proper conditions are compliant with the
transfer of the most stable microwave signals.
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