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Abstract: We propose and experimentally demonstrate a novel multi-channel multi-bit
programmable photonic beamformer, which consists of multiple parallel photonic true-
time delay (PTTD) subnetworks based on cascaded DWDMs. Each PTTD subnetwork
can provide multi-bit true-time delays (TTDs) for a multi-channel modulated RF signal of
a phased array antenna (PAA) and operate over a wide RF range from 10 MHz to 12 GHz.
The RF signal is modulated to a spectrally separated laser array combined by a DWDM to
form a multi-channel spatially separated PAA. The multi-bit TTDs for scanning PAA angles
are rapidly programmed by means of a control circuit of optical switches in the PTTD sub-
network. By using an optical splitter, multiple parallel PTTD subnetworks can be topologi-
cally configured out for a PAA with a large number of elements. The obtained radiation
patterns demonstrate that the proof-of-concept experimental result agrees well with the
theoretical analysis, verifying the feasibility of the proposed photonic beamformer.

Index Terms: Microwave photonics, photonic beamformer, true-time delay, dense wave-
length division multiplexer, radiation pattern, phased array antenna.

1. Introduction

The phased array antenna (PAA) is widely used in multifunctional radars and wireless communi-
cations [1], [2], etc., because the beam steering can be easily scanned via phase-shifting the ra-
dio frequency (RF) signals instead of physically moving the antenna. However, the conventional
electrical phase shifters in PAAs suffer the intrinsic shortage of narrow bandwidth, which results
in the well-known beam squint phenomenon for broadband signals [3]. In order to solve the
problem, the photonic true-time delay (PTTD) techniques, implementing the beamformer in
optical domain, have been proposed [4]. They are able to improve the performance greatly
due to the inherent advantages, such as large bandwidth, low transmission loss, small size,
no electro-magnetic interference, and multi-beam capability [5], [6]. The photonic beamformer
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utilizing the PTTD techniques has become a promising method for next-generation wideband
radar system.

Up to date, various PTTD schemes have been proposed for photonic beamformers, including
the application of high dispersion fibers [7]-[9], fiber grating [10], [11], fiber-optic delay line ma-
trix [12], spatial light modulator [13], single sideband polarization modulation [14], integrated
photonics [15], and wavelength division multiplexing (WDM) technique [16]-[18]. All of them of-
fer distinct advantages and have drawbacks at the same time in terms of the achievable delay,
flatness of the RF response, dynamic range, ease of control, and system simplicity. For exam-
ple, dispersive fiber technique is quite competitive in power and space consumption [7]-[9] but
the bandwidth of the transmission signal is limited by the power fading of the broadband RF sig-
nal caused by the group velocity dispersion [19]. Besides, its programmable PTTD is deter-
mined by the product of optical wavelength of a tunable laser and the dispersion value [9], [20].
Consequently, the resolution and dynamic range of the PTTD are both linearly related to the
dispersion value so that high resolution and large range are contradictory. In comparison,
dense wavelength division multiplexer (DWDM) based PTTD [16]-[18] uses optical multiplexer/
demultiplexer (such as thin film filter based one) to achieve very large RF bandwidths with lower
phase and amplitude distortions, which are two non-ignorable factors in photonic beamformer.
One of the key issues is the limitation of channel number in commercially available DWDMs,
which leads to the tradeoff relation between the minimum delay step and the maximum delay
range.

In this paper, we propose and experimentally demonstrate a novel multi-channel multi-bit pro-
grammable photonic beamformer for PAA with a large number of elements. It consists of multi-
ple parallel PTTD subnetworks based on cascaded DWDMs. A multi-channel laser array serves
as a set of wavelength-separated optical carriers simultaneously for all parallel PTTD subnet-
works. Each PTTD subnetwork with wavelength-dependent operation is comprised of cascaded
DWDMs, micro-electromechanical systems (MEMS) based optical switches, optical circulators,
Faraday rotator mirrors (FRMs), and precisely tailored optical fiber segments. Multiple ports of
each DWDM are spatially separated and connected with individual optical carriers (wave-
lengths) so as to configure out multi-channel photonic beamformer. Multi-bit PTTD with large dy-
namic delay value is obtained by switching the MEMS optical switches, which are laid between
two neighboring stages of DWDMs. The resolution of PTTD, i.e., the minimum delay step, is
guaranteed by the precise fiber tailoring and measurement techniques [21], [22]. A proof-of-
concept experiment is carried out to verify the radiation patterns of PAA, and the experimental
result is in a good agreement with theoretical analysis.

2. Operating Principle

PAA technology requires fast and accurate beam pattern shaping and reconfiguring through the
implementation of a beamformer, which can be generally defined as a beamforming network ca-
pable of generating the desired amplitude and phase excitations at each specific PAA element.
In an evenly distributed linear PAA, the far-field array radiation pattern (F(#)) at a scanning
angle 6 is determined by the summation of the individual PAA elements as follows [23], [24]:

N—
F(0) = ajexp (j(ikdsind + o)) (1)

i=0

-

where N is the number of PAA elements, k (= 2x/\ with A the RF wavelength) is the wave-
number, and d (= A/2 or \/4) is the spatial distance between the neighboring elements. a;
and ¢, represent the amplitude and phase excitations of the ith element, determining the char-
acteristics of the formed beam pattern.

In PAA, the beam pattern is formed by exactly adjusting the phase difference between the ad-
jacent antenna elements as A¢g = kd sinfg and thus the phase coefficient (¢;) of i—th element
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can be expressed by ¢; = —ikd sin 6 [23], [24]. As a consequence, F () can be expressed by

N—1

(2 21 H (2n
F(6) = Za,exp(y(;dsme—Tﬂdsme,g)) = Zoa,'exp(j/<7ﬁdsm9—A¢B>>. (2)
j=

=l

It is clear that modification of the complex excitations (a;, ;) of the beamforming network can
reconfigure the radiation pattern as desired. For a uniformly distributed PAA (i.e., a; = 1), the
amplitude pattern of the antenna array |F(6)| is given by

sin ¥ d(sing —sinfg)  sin¥ (229 sin6 — A¢p)
FO| = 7= i = il (2nd o :
sin $d(sind —sinfg)  sinl(2Z%sind — Agg)

(3)

According to (3), the beam pointing/steering angle is determined by the following condition:

1 /2nd

> (/\sin 0— A¢B> =mn (4)

where mis an integer. Usually, if A¢g is provided by electrical phase shifters, m = 0 is preferred
to allow a low phase difference being constant for the interested RF wavelength/frequency
range. The beam steering angle 6 can be deduced into

: A
fg = arcsin (27rd . Agbs) (5)

which becomes a function of A according to (5), leading to beam squint phenomenon. Hence
the traditional electrical beamformer suffers limited bandwidth.

In contrast, the photonic beamformer based on PTTD can overcome it since the phase differ-
ence between the adjacent PAA elements is given by

A¢p = 2nfATprrp (6)

where f = ¢/ ) is the RF frequency, c is the light velocity in vacuum, and Arprrp is the relative
PTTD difference independent on X or f. Consequently, the beam steering angle is given by

. . c A . . Neff - AL A
0 = arcsin <d Atprrp + md) = arcsm( g + md> (7)
where AL is the fiber delay line difference corresponding to A7prrp, and neg is the effective re-
fractive index of the fiber delay line. The integer min (7) is determined by the condition

A
‘E~ATPTTD+m—‘ <1. (8)

d d

According to (7) and (8), any desired 05 can be formed by proper design of PTTD network due
to the periodic property of the trigonometric function in our photonic beam formers.

In order to illustrate the different impacts of electrical phase shifters and PTTD on PAA, we
simulate the radiation patterns of 8, 10, and 12 GHz frequencies at X band by substituting
(2) and (5) into (3). The spacing between adjacent antenna elements is set as a half of 12-GHz
RF wavelength (i.e., d =0.0125 m). Fig. 1(a) and (b) compares the radiation patterns at
0 ~ 28.7° and N =8 when the phase difference between the electrical phase shifters is
A¢p = 86.4° and the time difference of the PTTD between different channels is Arprrp = 20 ps,
respectively. For electrical phase shifters, the direction of the main lobe increases as the RF
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Fig. 1. Simulated radiation patterns of PAA at A¢g = 86.4° or Arprrp = 20 ps (corresponding to a
beam steering angle of 6 ~ 28.7°) based on electrical phase shifters (a) or PTTD (b)—(d). The
number of the antenna elements are (a) N =8, (b) N =8, (c) N =16, and (d) N = 73 (the maximum
channel number with 100-GHz spacing defined by ITU).

frequency decreases (see Fig. 1(a)), showing obvious beam squint phenomenon. For PTTD,
however, the main lobe is free from the beam squint as shown in Fig. 1(b). Besides, as plotted in
Fig. 1(c) and (d), the width of main lobe is apparently decreased when the antenna elements of
PTTD are increased, resulting in better resolution.

3. System Configuration

The system configuration of the proposed multi-channel multi-bit programmable photonic beam-
former is schematically shown in Fig. 2. Fig. 2(a) shows that a number of (such as M) multi-
channel multi-bit programmable PTTD subnetworks are connected in parallel by a 1 x M optical
splitter. As depicted in Fig. 2(b), the multi-channels (such as N) in one PTTD subnetwork, corre-
sponding to multi-channel PAA elements, are basically realized by cascading DWDMs on the
ITU grid. The laser array, shared by all M parallel PTTD subnetworks (see Fig. 2(a) and (b)),
provides separated optical carriers whose wavelengths are on the ITU grid as well. Thus, each
optical carrier together with the related channel of the cascaded DWDMs determines one chan-
nel of the PTTD subnetwork. A Mach-Zehnder LiNbOj3 electro-optic modulator (EOM) biased at
in-quadrature point is applied to modulate the input RF subcarrier to all the optical carriers com-
bined by the front-end DWDM. The modulated light wave is amplified by an erbium-doped fiber
amplifier (EDFA) to compensate the insertion loss of the photonic devices, such as the EOM,
1 x M optical splitter, etc. The amplified light wave passes towards M parallel PTTD subnet-
works to accomplish wavelength-controlled multi-channel operation of true-time delays (TTDs).
The light wave is de-multiplexed by the back-end DWDM in each PTTD subnetwork to multi-
channel spatially-separated optical carriers, which are converted to electrical signals by a photo-
detector (PD) array and fed to N pieces of PAA elements.

The details of one programmable multi-bit PTTD subnetwork based on cascaded DWDMs is
realized by use of multiple stages of wavelength-controlled multi-channel TTD. As shown in
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Fig. 2. Schematic of multi-channel multi-bit programmable photonic beamformer. (a) M parallel
PTTD subnetworks. (b) One PTTD subnetwork. (c) Characterization of PTTD subnetwork based on
a VNA.

Fig. 2(b), each stage incorporates two states (i.e., “0” and “1”), performing one-bit TTD opera-
tion. The “0” state is a segment of fiber, providing an equal TTD for all channels. The “1” state
provides an incremental TTD for signals of different wavelengths, which is realized by a TTD
unit consisting of a circulator, a multi-port DWDM, multiple FRMs and N segments of fibers with
an equal TTD difference. The neighboring stages are connected by 2 x 2 MEMS optical
switches with two status (bar or cross) for different bits of TTD operation. The input modulated
light is routed to the common port of the DWDM via the circulator and de-multiplexed to the re-
lated channel depending on its wavelength. As mentioned, each channel has different TTD pro-
vided by the high-precision tailored fibers. The multi-channel light wave is reflected back
towards the DWDM common port by FRMs where they are combined together and sent to the
next stage. FRMs are used to eliminate the influence of fiber birefringence [25]. It is noted that,
for RF signals, all stages of the PTTD subnetwork are free from dispersion effect due to the na-
ture of optical fiber transmission capacity. The port 1 of each DWDM serves as the reference.
For the first-stage (the first bit), the round-trip fiber length increment between neighboring chan-
nels is set to be AL. In order to linearly scan the steering angle, the fiber-length increment of

the Kin-stage DWDM equals 2K-'AL. Accordingly, the TTD increment of Ki,-stage stages
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Fig. 3. Measured amplitude (a) and unwrapped phase. (b) Dependence on RF frequency for 3-bit
PTTD at A\ = 1556.55 nm. Phase slopes in (b) represents eight discrete TTDs.

become 2K-1A7 with AT = ne - AL/c. By simultaneously controlling the MEMS driver circuit,
the status of all the MEMS optical switches can be effectively programmed and thus 2X discrete
time differences between adjacent antenna elements can be achieved, i.e., K-bit operation in
one PTTD subnetwork can be performed.

In consequence, an architecture of PTTD network with M parallel PTTD subnetworks with N
channels and K bits can be topologically configured out for PAA with a large number of ele-
ments (M x N). The architecture of the photonic beamformer has several obvious advantages.
Thanks to the optical summation principle [26], the wavelength division multiplexing technology
is coherent in RF domain but incoherent in photonic domain, allowing a high dynamic range [7].
In order to change dynamically the beam direction of the radiation patterns of PAA, the PTTD
network can be reconfigured by programming a control circuit of optical switches. The time re-
sponse is on the order of millisecond level mainly limited by the MEMS optical switches. It can
simultaneously provide a large range of TTD (determined by the number of stages) and a high
resolution of TTD (determined by the fiber increment AL). Moreover, the number of multiple
spatially-separated channels is fairly large due to the commercial availability of telecom optical
demultiplexers (DWDM), which enables a narrow width of main lobe and high beamforming
resolution (see Fig. 1(c) and (d)).

4. Experiment and Results

A proof-of-concept experiment of the programmable photonic beamformer is implemented using
a four-channel 3-bit PTTD subnetwork of 3-stage cascaded DWDMs. There are 16 ports in
each thin-film DWDM (channels 10-40 on the ITU grid) with 200-GHz frequency spacing from
1545.32 nm to 1569.59 nm. The narrow-linewidth laser array at hand has only four available
channels covering C-band and L-band (Alnair Labs, TLG-200) with maximum output power of
15.5 dBm and measured RIN of less than —140 dB/Hz. In order to preliminarily demonstrate the
multi-channel operation of the photonic beamformer, we set four wavelengths of the laser array
at Ay = 1556.55 nm, Ao = 1554.94 nm, A3 = 1553.33 nm, Ay = 1551.72 nm, corresponding to
ITU channels of CH26, CH28, CH30, CH32 in DWDMSs, respectively. The polarization states of
all channels are optimized by polarization controllers (PCs). The insertion loss and electro-
optical bandwidth of the EOM (Photline, MX-LN-20) are 2.7 dB and 20 GHz, respectively. The
EDFA is used to compensate for the insertion loss of the EOM and the PTTD subnetwork (about
33 dB). The PDs have a bandwidth of 16 GHz and a responsivity of 0.7 A/W. The length differ-
ence (AL) of the tailored fiber segments is precisely measured to be 2 mm [20], [21], and 3-bit
(or eight) TTDs are estimated to be Amprrp = 0, 10, 20, 30, 40, 50, 60, and 70 ps, respectively.
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Fig. 4. (a) Comparison of unwrapped phase dependence on RF frequency for four channels. Each
channel comprises eight TTDs, while the CH26 serves as a reference. (b) Residuals of relative
TTD difference between adjacent ports of the DWDM.

An RF vector network analyzer (VNA, Agilent PNA-X Network analyzer N5247A) is used to
characterize the RF transfer function of the photonic beamformer, which is depicted in Fig. 2(c).
The RF output of the analyzer replaces the RF source at the electric input of the EOM, while its
input is connected to the output of the PD of each channel to be measured. Note that the RF an-
alyzer between its input and output RF ports is beforehand calibrated to cancel out all the distor-
tions apart from the system under test. The forward transmission coefficient S,; is measured for
all 4 channels within a RF range from 10 MHz to 12 GHz. As an example, Fig. 3 plots the ampli-
tude Sy¢(f) and unwrapped RF phase (/S1(f)) as a function of the RF frequency for CH26
(M = 1556.55 nm) under different TTDs. As can be seen in Fig. 3(a), the amplitude S»¢(f) for
each TTD decreases slightly because of the RF responses of EOM and PD. Note that there is a
certain periodic ripple in Fig. 3(a), which originates from the impedance mismatch between the
RF input of the EOM (~ 40 Q) and the RF cable of the VNA (50 (). Besides, it decreases grad-
ually when the value of TTD increases (i.e., more DWDM stages included). Nonetheless, the
photonic beamformer presented above has a flat power response for all channels since all
channels go through the same optical and electrical components at a specific TTD and the cas-
caded DWDMs have excellent RF characteristics [16], [17]. According to the repeatability test,
the amplitude ripples (or fluctuations) of all channels for each TTD is always less than 1 dB. It
must be noted that such amplitude ripples mainly originate from the uncertain connection/insertion
loss among all passive elements (like MEMS optical switches, FRMs, and connectors). The uncer-
tain insertion loss of even more connectors for PAA with a large number of elements could be fur-
ther reduced by fiber splicing, which will be implemented in our future study. Fig. 3(b) shows that
the unwrapped phase shift of each TTD has an approximate linear relation on the RF frequency,
leading to the frequency-independent phase shift and straightforwardly verifying the proposed pho-
tonic beamformer having no beam squint.

The same experimental investigation is conducted to characterize the delay properties of all
the 32 RF links of the photonic beamformer, comprising four channels with 3-bit TTDs per chan-
nel. The results are compared in Fig. 4(a), where /S1(f) of CH26 (A1 = 1556.55 nm) for each
TTD always serve as the reference for the other three channels (CH28, CH30 and CH32). Note
that the selection of the reference channel (CH26) is not unique because the photonic beam-
former is only determined by the relative TTD differences between neighboring channels (see
Eq. (7)). It is clearly shown that a tiny difference does exist among four channels in each group
(see the inset of Fig. 4(a)), which accounts for the incremental TTD between adjacent channels.
The TTDs are calculated by the derivative (1/360°)d(/Sx1(f))/df with /S¢(f) in degrees and f in
GHz, and the relative TTD difference between neighboring channels are evaluated by subtraction.

Vol. 6, No. 4, August 2014 7902310



IEEE Photonics Journal Programmable Beamformer Based on DWDM

g o |
£® i i i
< 4
34 P
ot o I O O
Experimen\‘

20
v
30

Gain (dB)

Gain (dB)

40

Experiment

9 60 30 0 30 60 90 9 60 30 0 30 60 90 90 60 30 0 30 & 9 % 6 3 0 30 6 %
Angle (deg) Angle (deg) Angle (deg) Angle (deg)

(a) (b) (c) (d)

90

65 (deg)
o

——Theory
% Experiment

T T T T T T T T T T
0 40 80 120 160 200 240
Atprrp (PS)

(e)

Fig. 5. PAA radiation patterns based on photonic beamformer when the relative TTD difference of
the PTTD subnetwork is (a) 10 ps, (b) 20 ps, (c) 60 ps, or (d) 70 ps, corresponding to the steering
angle of the main lobe of 13.1°, 29.9°, —33.2° and —17.9°, respectively. The dashed and solid
curves represent the theoretical analysis and experimental results, respectively. (e) Steering angle
as a function of the relative TTD difference of the PTTD subnetwork. Solid pentangles: experimental
data; solid curve: theoretical analysis.

TABLE 1

Comparison between theoretical and experimental PAA radiation patterns for all relative TTD differ-
ences when the amplitude and/or phase ripples are considered

. o . 0
Delay Steering Angle (°) 3dB Bandwidth (*)
(ps) Amplitude and  Amplitude Phase Amplitude and  Amplitude Phase
Theory Phase Ripples Ripples Ripples Theory Phase Ripples Ripples Ripples
10 13.9 13.1 13.9 13.1 27.2 27.6 276 271
20 28.7 29.9 28.7 29.9 304 30.1 29.8 30.9
30 46.1 47.2 46.1 47.3 419 421 404 43.8
40 737 73.0 73.7 73.0 78.5 77.4 78.5 77.4
50 -53.1 -53.5 -53.1 -53.6 68.5 70.3 69.9 69.0
60 -34.1 -33.2 -34.1 -33.2 326 31.5 31.9 322
70 -18.7 -17.9 -18.7 -17.9 27.9 28.3 28.3 27.8

As illustrated in Fig. 4(b), there are absolute deviations (or residuals), which is responsible for the
phase ripples, less than 3.5 ps comparing to the predetermined values. The small deviation in each
group is possibly due to the precise fiber cutting errors (+0.35 mm, i.e., 3.5 ps) in replicating the
fiber-length delays among the identical DWDM (Fig. 2). The connection among all passive com-
ponents by connectors has ignorable impact on the phase ripples because the TTD fabrication
(i.e., fiber cutting) and characterization were performed after normal connection of components.
Note that if the fiber splicing of all passive components is further implemented, the TTD fabrica-
tion and characterization will be more flexible.

Finally, we compare and analyze the PAA radiation patterns based on the experimental re-
sults and theoretical analysis when N =4 and d = 0.0125 m at f = 12 GHz, which are shown in
Fig. 5(a)—(d). Note that the random phase ripples with peak-to-peak of 3.5 ps and random ampli-
tude ripples with peak-to-peak of 1 dB among four channels are considered in the experimental
results. All the main lobes of the experimental radiation patterns steered to the desired angles
(see Fig. 5(e)). As long as the relative TTD difference Arprrp is larger than about 42 ps or its in-
teger multiples, the steering angle will be folded back into [—90°,90°] as determined by Eq. (7).
For instance, 13.1° for 10 ps while —17.9° for 70 ps. The influence of the phase and/or ampli-
tude ripples on the PAA radiation patterns (including steering angles and 3 dB bandwidth) are
summarized in Table 1. There are some differences of the side lobes (also at their notches) be-
tween the experimental and theoretical results, which are mainly caused by the small phase
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ripples (~3.5 ps) and small amplitude ripples (~1 dB) between adjacent channels. Taken into
account the important figures of merit for PAA system (the steering angle, 3 dB bandwidth of
the main lobe and average side lobe level) [3], it is worth noting that the small phase and ampli-
tude ripples have negligible influence (see Table 1). Such little influence can be further reduced
to a large extent when more channels in cascaded DWDMs are adopted into the photonic
beamformer (see Fig. 1(c) and (d)).

5. Conclusion

A novel multi-channel multi-bit programmable photonic beamformer, having a capacity of high-
resolution and large range of the TTD, based on cascaded DWDMs with multiple channels was
proposed and demonstrated. The N-channel K-bit PPTD subnetwork can be easily extended
into parallel architecture for PAA with a large number of elements by use of an optical splitter.
Different TTDs in one PTTD subnetwork can be obtained by programmable control of the status
of MEMS optical switches. With the increase of the stages of the DWDM, more bits operation to
achieve larger TTDs can be realized. A preliminary experiment demonstrates that the main lobe
of the radiation pattern steers accurately to the desired directions and the impact of small phase
ripples introduced by fiber-cutting and amplitude ripples among multiple channels is negligible.
Since all components involved in this study are commercially available and mature in telecom or
fiber-optic industry, more channels and bits beamformer can be practically implemented. Be-
sides, thanks to the periodic property of the trigonometric function in our photonic beamformer,
as long as the entire TTD in one PPTD subnetwork or M parallel PTTD networks are extended,
a large range of the steering angles for PAA with a large number of elements can be formed.
Although the proof-of-concept preliminary experiment is still bulky with large size, it is highly
expectable to adopt the novel photonic beamformer as an advantageous candidate for the
applications in wideband radar and wireless communications if silicon photonic integration is
developed [27]-[29]. Besides, through the material compensation [30] or structure optimiza-
tion [31], athermal silicon photonic devices can be potentially free from the heating problem.
Moreover, the maximum RF signal may go beyond X band towards Ku-Ka bands by replacing
the EOM and PDs with 40-GHz or larger bandwidth.
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