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Abstract: We present a technique that achieves the most efficient use of the linear dynamic
range of available photodiodes without sacrificing the linearity of the radio-frequency (RF)
digital receiver and photonic link based on optical phase modulation and coherent in-phase
quadrature ðI=QÞ demodulation. We demonstrate, with a relative intensity noise (RIN)-
limited optical system, that under these optimal bias conditions our 1-GHz coherent receiver
achieves a link spurious-free dynamic range (SFDR), gain, and noise figure of 126.8 dB-Hz2=3,
8 dB, and 18.6 dB, respectively, and show the capability, with a shot-noise-limited optical
source, to achieve an SFDR of 135.3 dB-Hz2=3 and a noise figure of 6 dB.

Index Terms: Coherent transmission, microwave photonics, I=Q demodulation, phase
modulation.

1. Introduction
Digital radio-frequency (RF) receivers are essential tools for RF sensors and wireless
communication systems due to their ability to perform complex algorithmic tasks on captured RF
information. For certain applications, photonic technology stands to further the state of the art in
digital receivers by enabling efficient, low-loss transport of essentially limitless RF bandwidths over
optical fiber and allowing a reduction and/or beneficial redistribution of system size, weight, and
power. However, realizing these benefits in an RF receiver system often gives rise to unacceptable
degradations to overall system performance.

The traditional intensity modulation/direct detection (IMDD) photonic link has not been able to
provide the noise figure, gain, and spurious-free dynamic range (SFDR) necessary for widespread
acceptance [1]. This is primarily due to the limited current handling capabilities of broadband
photodetectors [2] and the nonlinear transfer function and poor efficiency associated with the
intensity modulation of an optical carrier. Efficient use of available linear photocurrent can be
accomplished by low biasing [3]–[5] which involves altering the bias point of an IMDD link such that
output noise is reduced, thus improving SFDR without significant reduction in link gain.
Improvement in SFDR with low biasing alone has been limited to �122 dB-Hz2=3 [5]. In order to
circumvent the dynamic range limitations imposed by the sinusoidal modulator transfer function,
various linearization techniques have been implemented in both the analog domain (i.e.,
feedforward [6]–[11], predistortion [12]–[15], and multiple modulator topologies [5], [16]) and the
digital domain (i.e., inverse sine [17], optical sampling [18]) with some success, generally with a
penalty of additional hardware at the remote encoding site.
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In contrast to IMDD-based receivers, our self-homodyne photonic receiver [19], [20] relies on
linear optical phase encoding of the RF information with digitally assisted coherent in-phase/
quadrature demodulation. This RF-to-digital link benefits from the higher sensitivities [21] and the
increased dynamic ranges [22] associated with coherent detection schemes along with being a
more direct replacement for modern RF-to-bits electronic receivers. Optical phase noise sensitivity
and demodulation nonlinearity remain the primary issues with coherent systems. A self-homodyne
topology minimizes this phase noise sensitivity since both the optical local oscillator (OLO) and the
encoded signal are derived from the same laser source, allowing a simple balanced delay path
interferometer stabilization to suffice for most high-dynamic-range analog applications, even with a
distributed feedback (DFB) semiconductor master laser. Demodulation techniques of sufficient
linearity used to realize the benefits of linear phase encoding have been harder to accomplish.
Recent efforts using an optical phase-locked loop (OPLL) [23], [24] approach to track the phase and
control phase-to-amplitude nonlinearity have shown promise. However, OPLL design is nontrivial
and requires short loop delay times to obtain near gigahertz RF bandwidths, necessitating a high
level of circuit integration. In previous work, we demonstrated the utilization of simultaneous optical
in-phase and quadrature-phase detection to accomplish linear phase demodulation. Along with the
benefits of coherent detection, proper biasing of our self-homodyne interferometer at a 45� offset
from the quadrature point has also been shown to further improve link characteristics [25]. In this
paper, we analyze dependence of link performance to bias angle and tolerance to deviation from
optimum, and report the latest experimental results of our optimally biased coherent receiver in
terms of noise figure, gain, and SFDR.

2. Theory/Concept
The foundation of our coherent homodyne RF receiver lies in the inherently linear phase encoding
and linear in-phase/quadrature phase demodulation. The in-phase/quadrature output interference
products, produced in a �=2-hybrid coupler, convert the RF information encoded on the optical
phase to optical amplitude signals suitable for digitization and digital demodulation. The in-phase ðIÞ
and quadrature ðQÞ photocurrents follow a sinusoidal transfer function common to all optical
interference topologies and can be represented in the following form:

QðtÞ ¼ r ðPsig þ PLOÞ þ 2rAsigALOsin ’sigðtÞ þ ’0
� �

IðtÞ ¼ r ðPsig þ PLOÞ � 2rAsigALOcos ’sigðtÞ þ ’0
� �

: (1)

The phase-encoded signal ’sigðtÞ is proportional to the applied RF information, r is the
photodiode responsivity, and ASig , ALO represent the amplitudes of the optical signal components
and are dependent on the optical power incident on the optical hybrid coupler from the two paths.
The DC offset terms r ðPsig þ PLOÞ are proportional to the received optical power. Special attention
must be paid here to the ’0 term, the relative phase difference between the optical fields at the input
to the hybrid, which designates the bias location of the coherent homodyne receiver or photonic
link. Much like a standard IMDD photonic link, changing the bias location of the homodyne
interferometer along its sinusoidal transfer function can drastically alter overall link characteristics
[5]. It is important to note, however, that the efficacy of the digital demodulation is bias point
independent. Due to the fixed �=2 relative phase difference between the I=Q signal components, all
of the required information for linear demodulation is present at all bias phases.

For illustrative purposes the relative merits of two specific bias locations on the sinusoidal transfer
functions, shown in Fig. 1, will be discussed here. The first bias location of interest ð’0 ¼ 0Þ occurs
when the I signal component is held at null, defined as 0� on Fig. 1, and the Q signal component is
located at a bias angle of 90�. In this arrangement, the null-biased in-phase photocurrent (blue
curves) is only composed of the corrections required to linearly demodulate the RF information
while the Q photocurrent contains the majority of the RF signal. This bias condition is included
primarily to facilitate comparison to a common quadrature-biased IMDD link. The second bias
configuration of interest arises when both the I and Q photocurrents are simultaneously equal and
less than quadrature, leading to I=Q bias angle labeled �45�. This optimal-biasing scheme is
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similar to that of low biasing a standard IMDD link. One main difference is that linearity is not
compromised in our approach and does not necessarily suffer from increased second-order
distortion as distortions generated by the system implementation are effectively removed when the
I=Q information is digitally demodulated. Fig. 1 depicts how the differences in transfer function
magnitude between the two bias configurations for an equal operating photocurrent lead to the
aforementioned link improvements.

Key to the change in link gain, as well as noise figure and therefore SFDR, is the notion that the
magnitude of the fiber interferometer transfer function can be modified by changing the incident
optical power. In the quadrature bias case, shown in Fig. 1(a), the transfer function must enable the
supply of the desired photocurrent value at the bias location of the Q-component, or 90�, since it
alone carries the majority of the signal intensity. However, by adjusting the I=Q bias angle to �45�,
an increase in optical power is required to maintain the same photodiode operating current. Fig. 1(b)
illustrates a larger transfer function that intersects the desired photocurrent value at bias angle of
�45�. Both the I and Q photodiodes now source equal signal currents resulting in an increase in
both link gain and output noise power of 3 dB, assuming a shot-noise-dominated noise output. The
remaining gain enhancement is due to the increased slope efficiency of the transfer function at the
�45� operating point for the same average photocurrent. Since noise figure is proportional to output
noise power and inversely proportional to gain [26], it will be limited to a total improvement of 7.7 dB
over the quadrature-biased case due to the second photodiode noise contributions, while the gain
improvement resulting from the increased transfer function slope and additional signal carrying
photocurrent is 10.7 dB. The SFDR also benefits from the shift in bias locations, increasing by two-
thirds of the noise figure improvement or 5.13 dB-Hzð2=3Þ. Biasing the transfer function in Fig. 1(b) at
quadrature would require the Q-photodiode to linearly source �3.41 times the photocurrent
compared with the �45�-biased link. This clarifies that optimal biasing in this manner not only
improves link characteristics, but also eases the linear power handling requirements placed on the
photodetectors, which is an important benefit given the difficulty in achieving simultaneous high
linearity, high-current handling, and sufficient bandwidth photodiodes.

The effect of bias angle error on link gain, noise figure, and SFDR has also been quantified here
through numerical and analytical analysis. The link metrics normalized to optimal bias values, are
plotted in Fig. 2 against bias angles offset from the optimal �45� point. The analysis assumed a
shot-noise-limited system along with transfer functions of equal magnitude for both I and Q
components. Equal magnitude transfer functions are experimentally realizable by minimizing any

Fig. 1. Comparison of photocurrent transfer functions for two interferometer bias configurations resulting
in the same maximum DC photocurrent.
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post-hybrid differential I=Q path loss. Both detectors are operating at their maximum linear
photocurrent at optimal bias, yielding the highest link gain and lowest link noise figure values and,
therefore, the highest SFDR. The analytical equations for link gain G and noise figure F normalized
to those of the optimum bias angle are characterized in the following expressions:

Gð’0Þ
Gð’opt Þ

¼ P0ð’0Þ
P0ð’opt Þ

� �2
(2)

F ð’0Þ
F ð’opt Þ

¼ P0ð’opt Þ � 2� cosð’0Þ þ sinð’0Þð Þ
P0ð’0Þ � 2� cosð’opt Þ þ sinð’opt Þ

� � (3)

where an ideal hybrid coupler is assumed for simplicity. The most optimal configuration is where
Psig and PLO , which are found in (1), are set equal and defined as P0, shown in (2) and (3). The
optimal bias angle ’opt is �45�. Moving away from optimal bias necessitates a reduction of P0 to
maintain themaximum linear photocurrent, yielding a reduction of gain and an increase in noise figure.We
define�G½dB�¼10 � log10ðGð’0Þ=Gð’opt ÞÞ and�F ½dB�¼10 � log10ðF ð’0Þ=F ð’opt ÞÞ. The change in the
output third-order intermodulation product (OIP3) is equivalent to �G½dB�, which leads to
�SFDR½dB-Hzð2=3Þ� ¼ �ð2=3Þ�F ½dB-Hzð2=3Þ�. Due to the fixed �=2 phase difference between I and
Q photocurrents, gain, noise figure, and SFDR plots are symmetrical about the optimal bias point. The 0�,
90� quadrature bias points are illustrated on Fig. 2 with the dashed vertical lines. The bias error tolerance
for each of these performance parameters is observed from Fig. 2 to be within normal control loop
tolerances: gain, noise figure and SFDR degradations of 1 dB correspond to 3�, 6�, and 9� offsets,
respectively.

3. Experimental Setup
The experimental test system is shown in Fig. 3. Self-homodyne coherent detection is
accomplished by equally splitting the optical power from a master laser to form a precisely timed
fiber interferometer. Only polarization-maintaining (PM) components and fiber were used in the
interferometer. A DFB semiconductor laser capable of 80 mW of optical output power and 125-kHz
linewidth served as the receiver’s master optical source. The relative intensity noise (RIN) of the
DFB was specified to be better than �160 dBc/Hz. RF information is linearly encoded on the optical
phase using one or more optical phase modulators (OPM) (�1.4 V V� at 1 GHz) located in the arms

Fig. 2. Gain, noise figure, and SFDR degradations with bias angle offset from optimal bias point. Note
that the vertical dashed lines indicate the 0�, 90� bias case.
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of the interferometer. Two erbium-doped fiber amplifiers (EDFA) boost the optical power to
�500 mW in each fiber path before they are interfered in a micro-optic �=2 hybrid coupler (�8-dB
port-to-port optical insertion loss). The I and Q components are converted to the electrical domain
by internally terminated (50-�) p-i-n photodiodes and then digitized by a pair of electronic analog-
to-digital converters (ADC) for digital demodulation and display. The photodiodes have a saturation
current of 45 mA and a two-tone OIP3 of 9 þ45 dBm.

Interferometer bias control is achieved by adjusting a fiber stretcher (FS) with �4 mm of stretch
positioned in one of the optical paths using a proportional-integral (PI) feedback control loop. The PI
circuit tunes the fiber path length (with a bandwidth of G 100 kHz) in order to maintain a chosen DC
current relationship between the photocurrents. For equal post-optical hybrid path losses, the
optimal bias point corresponds to equal DC photocurrents. This control loop is also responsible for
eliminating the relative optical phase fluctuations between paths caused by thermal perturbations
and vibrations. For the RF signals of interest for this paper (�1 GHz), the digitizers used to evaluate
the system were two channels of a wide-bandwidth real-time oscilloscope (Tektronix DPO72004B).
System noise measurements prior to the digitizers were made using an RF spectrum analyzer and
a calibrated 1-GHz RF preamplifier allowing evaluation of the photonic system performance, as
achievable with dynamic range matching between the photonic and digital electronic hardware.

4. Experimental Results and Discussion
In order to test the link gain, noise figure, and SFDR, a standard RF two-tone test signal was applied
to the receiver. Two separate electronic frequency synthesizers, which have no required phase
relationship between them, were used to generate the test tones. Each tone was first filtered to
remove any harmonic content and applied to a separate phase modulator to ensure perfect RF
isolation between tones [27]. Note that this is functionally equivalent to the application of two signals
on one phase modulator with the elimination of imperfect RF isolation and combining in the test
signal path. Fig. 4 shows the RF input-output relationship of our coherent receiver. An average link
gain of 8 dB and a near photodetector-limited OIP3 of þ43.1 dBm were measured for two-tone test
signals near 900 MHz and an average photocurrent of �13 mA per diode. This demonstrates the
extremely high linearity of our technique as well as the efficiency of photocurrent utilization. Note
that an ideal quadrature-biased external modulation IMDD link with a 13-mA photocurrent from a
50-� terminated diode into an external 50-� load, as in these experiments, would have a gain of
�2.8 dB and an OIP3 of þ9.3 dBm [28].

The total receiver output noise was measured at the output of the DC blocks to be�147.1 dBm/Hz
and is attributed to the equivalent RIN of the laser-EDFA system. Referenced to measured output
noise, the attained SFDR and noise figure were 126.8 dB-Hzð2=3Þ and 18.6 dB, respectively. The
optical power at the input to each of the two þ27-dBm EDFAs (�7-dB noise figure) used in the
system was �5 dBm, leading to an equivalent RIN ðRIN ¼ h�F/PinÞ [29] of �154 dBc/Hz. For a
photocurrent of 13 mA, we estimate a noise power of �150.7 dBm/Hz per diode, which is consistent
with the measured values. For the operating photocurrent per detector of �13 mA, we estimate the
total shot noise power spectral density for a shot-noise-limited laser system to be �159.8 dBm/Hz
due to the summing of the noise contributions of both terminated photodiodes. For input RF tones of

Fig. 3. Experimental test system architecture.
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904 MHz and 911 MHz, a link SFDR of 135.3 dB-Hzð2=3Þ and noise figure of 6 dB would therefore be
achievable with our architecture.

5. Conclusion
Under optimal bias conditions, or 45� offset from quadrature, our coherent receiver achieved a
measured link SFDR, gain, and noise figure of 126.8 dB-Hzð2=3Þ, 8.0 dB, and 18.6 dB, respectively,
and shows a capability with a shot-noise-limited optical source for achieving an SFDR of
135.3 dB-Hzð2=3Þ and a noise figure of 6 dB. Extrapolating link parameters to shot noise is a valuable
exercise as it elucidates the maximum capabilities of our implementation. As mentioned previously,
measured output noise is limited by the inclusion of optical power amplifiers which are necessary to
acquire 13 mA of photocurrent per detector. Utilization of a multiple-watt output power laser source
with shot-noise-limited RIN would eliminate the need for optical amplification and associated noise
degradations. As yet, there are no optical sources capable of these challenging specifications, but
there are a few promising technologies that may have the capacity to produce such a laser in the
future [30], [31]. It is also important to mention that as our receiver OIP3 is nearly photodiode
limited; solely increasing the optical power of the receiver will not enhance the link SFDR without a
simultaneous increase in detector linearity. Linearity of high-current-capable photodetectors has
been the topic of many past and present research efforts [32]–[35] and will also play a significant
role in achieving higher spur-limited dynamic ranges.
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