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Multioctave High Dynamic Range Up-Conversion
Optical-Heterodyned Microwave Photonic Link

Y. Wu, X. B. Xie, J. H. Hodiak, Member, IEEE, S. M. Lord, Member, IEEE, and P. K. L. Yu, Member, IEEE

Abstract—An up-converting microwave photonic link which en-
ables high dynamic range over a multioctave information band-
width is demonstrated. The improvement in spurious-free dynamic
range (SFDR) as compared to conventional links is experimentally
demonstrated. The link consists of two heterodyned lasers with one
optical carrier modulated by a LiNbO3 Mach–Zehnder modulator
biased at the null point. This results in strong optical sidebands,
minimum even order distortion, and more than 40-dB suppres-
sion of the optical carrier. The first carrier’s two optical sidebands
are heterodyned with the second unmodulated optical carrier. The
modulated optical carrier is suppressed reducing noise power and
enhancing SFDR. An SFDR of 115 dB/Hz2 3 was measured. The
detected local oscillator power is also suppressed, easing output fil-
tering requirements.

Index Terms—Optical-heterodyned link, up-conversion, multi-
octave, radio-frequency (RF) link gain, suppressed-carrier.

I. INTRODUCTION

WIRELESS access networks supporting wide-bandwidth
services such as high-data rate mobile access and video

delivery will be driven to millimeter wave (MMW) carrier fre-
quencies and numerous small radio cells. Commercial wide-
bandwidth networks will require high-dynamic range links to
address antennas, similar to the requirement for military appli-
cations and broad-band MMW radar. For applications like com-
munications networks, a large number of remote antenna sites
will need to be addressed. Addressing remote antenna sites via
optical fibers is attractive due to the large transmission band-
width and low loss at MMW frequencies.

In order to realize these applications, photonic links must ex-
hibit large dynamic range, have relatively simple hardware, and
have the capability to transmit broad-band signals over long dis-
tances. Numerous photonic links have been proposed to deliver
signals to simplified remote antenna units, including optical het-
erodyning schemes [1]. One photonic up-conversion link suit-
able to these applications is an optically heterodyned photonic
link using a single Mach–Zehnder modulator (MZM) [2]. Such
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Fig. 1. Schematic of the MZM optical-heterodyned link.

a link is particularly beneficial if combined with null biasing
of the modulator. This combination not only converts modu-
lation frequencies achieved by commercially available modu-
lators to MMW frequencies, it also provides large spurious-
free dynamic range (SFDR) over multioctave information band-
widths. In addition, it provides radio-frequency (RF) local oscil-
lator (LO) suppression which relaxes the factor requirements
on the image filters, an SFDR which is not limited by optical
power into the modulator, and decoupled sidebands which elim-
inates the dispersion-induced power penalty (DIPP), thereby al-
lowing for long-distance transmission. Simulation results have
proposed that such a link can have an improved SFDR over con-
ventional MZM links [3]. In this letter, we verify this improve-
ment experimentally.

II. ANALYSIS

A schematic of our photonic link is shown in Fig. 1. The link
consists of two phase-locked optical carriers which generate an
optical LO. One of the optical carriers (Optical Carrier 1) is
modulated by a LiNbO MZM biased at its null point and then
combined with the second unmodulated carrier (Optical Carrier
2). Biasing an MZM near the null has been shown to increase
the dynamic range of a photonic link [4], [5]. This is primarily
due to decreasing the dc photocurrent and thus the noise floor.

In our link, the null bias is combined with optical hetero-
dyning to provide additional benefits. The combined optical
field under first-order small signal approximation is

(1)

where and ( and ) are the power and angular fre-
quency of the modulated (unmodulated) optical carrier, is
the modulator’s half-wave voltage, is the dc bias voltage
on the modulator, and and frequency are the amplitude
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and frequency of the modulation signal. The RF power at the
LO frequency is

(2)

where is the total power loss in the link for the mod-
ulated (unmodulated) optical carrier. The RF output from the
mixing of Optical Carrier 2 (at ) with either optical sideband
of Carrier 1 at is

(3)

Eqations (2) and (3) show that when the MZM is null-biased
, the RF output power is maximum and the RF LO

power is suppressed. Fig. 2(a) shows the transfer charac-
teristic for an MZM. Fig. 2(b) shows the optical field spectra of
the input to the photodiode and the corresponding photocurrent
spectra at quadrature and null biases.

The noise floor, SFDR, and RF gain of this link may
be derived using (1) and (3)

(4a)

(4b)

(5)

where and are the modulated and unmodulated optical
carrier powers, is the dc photocurrent and equals ,

and are the input and output resistances, respectively,
is the bandwidth, and is the responsivity of the photodiode.

These equations suggest that high gain and SFDR are possible
by using a large first optical carrier power which is lim-
ited by the power handling of LiNbO modulators. With a small
modulation depth consistent with the small signal approxima-
tion, larger RF power gain is possible for a given photocurrent
and the same modulator in this link compared to intensity mod-
ulated direct detection (IM-DD) links with an MZM biased at
quadrature. The second optical carrier power fixes the pho-
tocurrent but an optical power can be used to increase
the gain in this scheme [see (5)]. In IM-DD links at quadra-
ture, the gain is proportional to so increasing to increase
the gain also increases the photocurrent. In our link, improved
RF gain resulting from large optical power is not accompa-
nied by significant noise floor degradation. The noise floor is
governed primarily by , not . This allows for larger SFDR
in contrast with IM-DD links with an MZM biased at quadra-
ture, where the link typically becomes relative intensity noise
(RIN)-limited well before reaching the power handling limit of
the modulator.

An additional important feature of null-biasing is that it
minimizes the even-order distortion generated by the modulator

Fig. 2. (a) Measured transfer characteristic of a 1.3-�m MZM with dc V of
4.95 V. (b) Schematic of spectral components of the optical heterodyned link
showing relevant distortion terms at quadrature (top) and null bias (bottom).
Photodiode input spectra (E (!)) is shown on the left; RF spectra of the
photocurrent (I (!)) is on the right.

[see Fig. 2(b)]. When null-biasing is used in a direct detection
scheme, the signals are not recoverable due to the carrier
suppression. However, when the null bias is combined with a
heterodyne scheme, as shown in Fig. 1, the link can transmit
and up-convert a multioctave information bandwidth with high
dynamic range.

In this optically heterodyned link, the two optical sidebands
decouple into two RF frequencies so that no DIPP results due
to the absence of two sideband interference, an important fea-
ture when transmitting intensity-modulated MMW signals over
conventional optical fiber at 1550 nm where the DIPP is severe.
A self-heterodyne technique which makes use of the same prin-
ciple as the link shown in Fig. 1 was demonstrated to increase
transmission distance; however, the benefits of this approach for
multioctave high dynamic range links were not analyzed [6].
Finally, LO suppression in this link also simplifies the system
hardware. The factor requirement on the image filters is re-
laxed with the suppression. Whether the filter is implemented in
the optical or microwave domain, the selectivity specification is
eased.

III. EXPERIMENTAL RESULTS

The link RF performance was verified using two
phase-locked LightWave Electronics 1319-nm lasers with
a beat frequency of about 15.9 GHz forming the optical
LO. The optical powers of the modulated and unmodulated
carriers were 14.48 and 10.17 dBm, respectively. The higher
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Fig. 3. RF output of the optical-heterodyned link with MZM biased at
(a) quadrature and (b) null.

power carrier was coupled to a LiNbO MZM with a Pine
Photonics MBC-2 bias controller stabilizing the operating bias
point. The modulator had an insertion loss of 2.4 dB and an
RF of 2.5 V. The second optical carrier was combined with
output of the MZM using a 3-dB coupler and sent to a high
power Discovery Semiconductor (DSC50) photodiode termi-
nated in 50 . The photodiode had a responsivity of 0.8 A/W
and a saturation power of 14 dBm.

Fig. 3(a) and (b) shows the RF power spectrum of the output
of the optical heterodyned link at quadrature and null biases, re-
spectively. The 3-dB difference in the RF output at either side-
band between Fig. 3(a) and (b) is shown and agrees with (3).
Most importantly, a 40-dB suppression of the RF LO power is
observed between Fig. 3(a) and (b).

The RF gain of the link was experimentally determined to
be 22.6 dB. This compares well with the expected gain of

21.9 dB obtained using (5). A two-tone test using intermediate
frequency (IF) input tones at 1.0 GHz and 980 MHz yielded
the results shown in Fig. 4. The noise floor was experimentally
measured to be 165 dBm/Hz. This agrees within 0.5 dBm
with the theoretical prediction using (4b), a detector photocur-
rent of 2.1 mA, and an RIN of 165 dB/Hz. From this data,
the noise figure was extracted to be 31.4 dB. An SFDR value

Fig. 4. Two-tone SFDR measurement of the optical-heterodyned link. The
output fundamental frequency and the third-order intermodulation distortion
were at 14.9 and 13.88 GHz, respectively.

of 115 dB/Hz was obtained from Fig. 4. If the optical input
into the MZM could be increased to the 200-mW limit, the best
SFDR achievable would be 121 dB/Hz with a link gain of

15 dB at 4 mW of optical power input into the photodiode
from the second optical carrier.

IV. CONCLUSION

We have experimentally demonstrated a suppressed-carrier
optical heterodyned up-conversion link with two optically het-
erodyned lasers and a single MZM, requiring only the IF band-
width. This link utilizes the optical power handling potentials
of both the MZM and the photodiode to improve the RF gain
and SFDR. The noise floor is nearly independent of the input
power to the MZM. Using the null bias minimizes the even
order distortion and maximizes the powers of the optical side-
bands, thereby maximizing the multioctave SFDR. This exper-
iment demonstrates good link gain and broad-band operation.
Additional features of the link are low DIPP and LO suppres-
sion due to a suppressed optical carrier. These features make this
link promising for signal transmission in the MMW band.
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