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Typical radio frequency (RF) digital beamformers can be highly complex. In addition to a suitable antenna array, they require
numerous receiver chains, demodulators, data converter arrays, and digital signal processors. To recover and reconstruct the
received signal, synchronization is required since the analog-to-digital converters (ADCs), digital-to-analog converters (DACs),
field programmable gate arrays (FPGAs), and local oscillators are all clocked at different frequencies. In this article, we present a
clock synchronization topology for a multichannel on-site coding receiver (OSCR) using the FPGA as a master clock to drive all
RF blocks. This approach reduces synchronization errors by a factor of 8, when compared to conventional digital beamformer.

1. Introduction

Synchronization techniques are required for reliable high
data rate communications to avoid phase mismatches and
jitter [1, 2]. For complex RF systems involving data converter
arrays, different frequencies may be required implying that
components are clocked at different frequencies as well. Syn-
chronization then requires different clocking architectures
depending on the system configuration [3, 4].

In complex systems, the number of clock signals can
rapidly increase from just a few to hundreds. Quite often, in
large scale systems, a single external clock circuit may not
have enough outputs to drive all branches. To overcome this
issue, various clock tree topologies are used to synchronize
multiple parts, devices, or systems [5]. However, each level
in the tree introduces a delay component that is fixed or
undetermined. Although fixed delays can be compensated
with additional effort, it is highly challenging to eliminate the
undetermined delays. Further, these delays may be affected
by external factors like voltage and temperature changes and
device-specific variations. Altogether, inaccuracies result in
intolerable timing variations in analog-to-digital converters

(ADCs) and digital-to-analog converters (DACs) that affect
the clocking [3, 4].

For transceivers where the devices and components are
located in proximity, sharing a common timing signal is
generally the easiest and most accurate method for synchro-
nization [5–7]. This is the case with on-site coding receiver
(OSCR) [8, 9] that combines several of signals into a single
ADC using coding technique, as shown in Figure 1. Since a
single ADC is used to handle several antennas/paths, errors
due to ADC-FPGA synchronization, interchannel skews, and
variationswithinADCs can be reduced. Specifically, inOSCR
architecture [9–11], all the components are enclosed within a
single block making synchronization easier and less prone to
errors. Further, using a single FPGA as a master source for
synchronization removes the clock skew errors [12].However,
to highlight the implementation challenges using different
topologies, we have included the analysis of clock synchro-
nization implementation using external distribution circuit.
Preliminary work has already been presented in [13]. In this
article, we present a clock synchronization implementation
for an 8-channel OSCR digital beamformer using an FPGA,
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Figure 1: Block diagram representation of OSCR system [8, 9].

an ADC, an in-house built encoder board, and RF transceiver
boards.

2. Clock Synchronization Implementation

2.1. FPGA Controlled Distribution Circuit. A general descrip-
tion of realized OSCR is given in [9–11].The 8-channel OSCR
employs 8 RF boards that require 8 clock signals operating
at 38.4MHz and an encoder board with 8 differential (16
signals) orthogonal codes, perfectly synchronized with each
other. Also, a dual-channel ADC sampling at 256MSPS,
requiring a clock of 256MHz is included. Thus, for an 8-
channel OSCR 25 signals (8 RF clocks + 8 differential codes +
1 ADC clock) must be synchronized. To keep the jitter low
and reliability high, the total number of components used
for synchronization must be minimized. With this in mind,
FPGA platform was chosen as a good compromise between
performance and flexibility. Figure 2 shows the FPGA used to
provide timing signals to all devices. Notably, using a single
FPGA to generate clock signals at different rates becomes
a significant design challenge. An additional complexity is
that most RF front-end units rely on serial interfaces to the
transmission/receive blocks, requiring that data and clock be
embedded/deembedded by a digital processor or FPGA.

As can be seen from Figure 2, clock synchronization
was implemented using Xilinx VC707 FPGA running ISE
software. VHDLwas used for programming and the “clocking
wizard” IP from Xilinx was used to generate and distribute

the required clocks. To do so, a low phase noise reference
signal of 12.8MHz was fed to the FPGA. The phase noise at
10 KHz offset was found to be −80 dBc/Hz and at 1 KHz offset
was −102 dBC/Hz.This clock frequency was chosen to reduce
output jitter and clock skew. Using this clocking wizard,
the 12.8MHz reference clock was used to generate output
clock frequencies of 38.4MHz for the RF boards, 256MHz
for the ADC clock, and 64MHz to be used by the FPGA
for generating orthogonal codes whose maximum frequency
component is 32MHz. It should be noted that, for ADCswith
high sampling rate, the sampling clock should be sharp. High
phase noise will lead to degradation in signal-to-noise ratio
(SNR) performance [14].

Having determined the clock frequencies, a next step is
to program the clock signal assignments and code generation
using VHDL. After an error free execution of the program,
module level simulation was performed. Figure 3 shows
the simulated output generated by the FPGA. There are 8
different orthogonal codes each synchronously triggeredwith
reference to the rising edge of the 64MHz internal FPGA
clock. We note that each of the 8 signals represents a 16-bit
orthogonal code used for encoding/decoding, as shown in
Figure 1. From the simulations in Figure 3, we observe that
the FPGA generates clocks and codes with perfect synchro-
nization. This has been verified using lab measurements as
presented in the later sections. From the measured lab result,
it was seen that the systemexhibitsmesosynchronizationwith
constant delay or phase shift between signals.
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Figure 2: Clock generation and synchronization requirement for an 8-channel OSCR using FPGA as a master clock.

The 25 signals of the OSCR must be rerouted within the
FPGA to the output pins of the VC707 board. These signals
are taken from the debug card connected to the FPGA using
the FPGA Mezzanine Card (FMC). FMC houses 400 pins
and hence 200 signals can be generated at any time from
the fully populated debug card. In the present scenario, pin
placement was performed following the interface constraints.
Also, like signals were placedwithin close proximity to reduce
mismatch in the path lengths of these signal.

It is necessary to generate all 25 signals with proper logic
levels. For example, to generate high-speed orthogonal code
signals and still keep jitter low, a low voltage differential
signaling (LVDS) output buffer was used for the FPGA
outputs. Mapping is then performed after converting the
register-transistor logic (RTL) description into a netlist of
basic elements (BELs). This takes care of the packaging and
signal placement. Subsequently, we perform routing of the
signals to specified user pins. As a final step, timing analysis is

performed to ensure all signals have comparable path delays.
This timing analysis considers the location of the output pins
and is hence more realistic in determining the propagation
delay of each signal. Timing analysis was performed only
for 8 orthogonal codes and 8 RF board clocks and had to
be perfectly synchronized for realizing digital beamforming.
Timing analysis for ADC clock was ignored. Propagation
delays for RF board clock signals and orthogonal codes are
given in Figures 4(a) and 4(b), respectively. It should be
noted that for OSCR, mesochronous synchronization is also
considered to be perfectly synchronized, since the phase
difference between signals is constant without skews and can
be corrected in post processing.

FromFigure 4(a), we can infer that the propagation delays
of the clock sources decrease uniformly. This is due to the
way the clock outputs were routed.The path taken by clock is
controlled by the slices location and output pins in the floor
plan of the FPGA. That is, even though all 8 clock outputs
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Figure 3: Simulated signal waveforms as required by the 8-channel OSCR system.
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Figure 4: Simulated propagation delay of signals based on timing analysis. (a) Propagation delay of 8 RF board clock signals at 38.4MHz
and (b) Propagation delay of 8 orthogonal codes.

are at the same frequency of 38.4MHz, their signal paths
are different and hence they experience different propagation
delays. Clock outputs 1, 2, 3, and 4 have a longer propagation
path and clock outputs 5, 6, 7, and 8 have shorter paths.
Therefore, longer propagation delays were associated with
clock outputs 1 and 2. Similarly, for the orthogonal code
signals, 7 sets of codes were placed within close proximity of
each other except for the code pair 6. As a result, propagation
delays of this code were higher as compared to the others (see
Figure 4(b)). It should be noted that themismatch in the paths
is due to design constraint of the OSCR architecture.

Generally, the propagation delays between the board and
the FPGA paths are in “ns” range. Correspondingly, the
delay differences among the clock signals are in the “ps”
range. Similarly, from the analysis of the orthogonal code
signals, the worst-case scenario arises whenwe compare code
6 (C6) with code 4 (C4). The propagation delay difference
between C6 and C4 is approximately 0.9 ns. These delays can
be corrected within the FPGA. The reason is that VC707
can generate signals up to 933MHz and corresponding clock
of 1.07 ps. Hence, any clock signal with time period greater
than 1.07 ps can be easily synthesized. Consequently, delays
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Figure 5: Generated signals by the FPGAmeasured using oscilloscope. (a) Generated clock signals (Clock 4 and Clock 5) and (b) Generated
codes (C4 and C6).

also of the order “ps” can be synthesized and accounted
within the FPGA using VHDL coding. Notably, differences
of this magnitude haveminimum effect on the on-site coding
performance.

Figure 5(a) shows the captured clock signals on an
oscilloscope for clock outputs 4 and 5. Similarly, Figure 5(b)
shows the captured codes of C4 and C6 generated by the
FPGA. We note that the reason for considering these specific
signals is because they exhibited the largest delay. As can be
seen from Figures 5(a) and 5(b), themaximumdelay between
clock signals used for triggering the RF boards is ∼188 ps and
the maximum delay between codes is ∼844 ps.

For the direction of arrival application using current
OSCR system, the RF boards are clocked at 38.4MHz or
26.04 ns. Since the maximum delay between these clock
signals is 0.188 ns, which falls within the rise time/fall time
of the specification of the clock generator chip, the delay has
no significant impact on the system performance. Similarly,
the maximum delay for the codes is ∼0.9 ns. It should be
noted that the same codes generated by the FPGA are used
for encoding and decoding. Hence, by delaying the digitized
coded signals for processing within the FPGA, it is possible
for us to compensate for the delay caused by the codes.
Alternatively, the FPGA has the capability to generate delays
as low as 1.07 ps. Hence, corresponding delays between codes
can be generated and corrected within the FPGA itself before
encoding.

Using the above synchronization topology, OSCR perfor-
mance was measured and it was found that there is no overall
degradation in OSCR performance due to synchronization
issues, as detailed in [9, 10, 15]. Using the above synchroniza-
tion scheme, bit error rate (BER) and SNR was simulated.
Based on the results in [9, 10, 15], it can be concluded that

above synchronization scheme results in no performance
degradation.

2.2. Clock Synchronization Using External Distribution Cir-
cuit. It is also imperative to analyze the clock synchroniza-
tion implementation using an external distribution clock.
In complex systems involving multiple components to be
synchronized, a single external clock generation integrated
circuits may not have enough outputs to drive all branches.
This problem can be overcome using clock tree topology to
synchronize multiple devices [4]. However, in such topolo-
gies each level of distribution introduces a delay component
that is the result of fixed and undetermined delays that
are also affected by external factors. The inaccuracies add
up causing intolerable timing variations which drastically
affect the high frequency components clocking. Although it is
relatively easy to compensate for fixed delays, undetermined
delays cannot be corrected for within the system [4]. In
addition to these constraints, the tree structure should be
accommodating when the number of branches is increased.

Despite these drawbacks, analysis was performed for 8-
element OSCR clock synchronization using external source
and distribution circuit to compare it with our proposed
synchronization method using FPGA for clock distribution.
In order to do so, the clock tree should have at least 10
clock outputs (8 for RF boards, 1 for ADC, and 1 for FPGA),
as shown in Figure 6. Commercially off-the-shelf (COTS)
components were considered for this case. AD9576 by analog
devices was the right choice providing up to 11 clock outputs
and also has the capability to generate clocks. It has built-
in dividers that enable generation of multiple frequencies.
Despite the capability of the evaluation board (AD9576) to
generate low jitter clock signals over wide frequency range,



6 International Journal of Reconfigurable Computing

Clock generation
& distribution

RF boards clock

8-chnl encoder board

8, orthogonal codes

8, RF boards

ADC clock

VC707, FPGA

ADC

RF1 RF2 RF8

MHz

156 MHz FPGA clock

256 MHz

· · ·

8, 38.4

Figure 6: Clock generation and synchronization requirement for an 8-channel OSCR using external source.

it still is not desirable for synchronization implementation
in OSCR. By employing external distribution circuit, the
hardware requirement increases, thus defeating the novelty
of OSCR [8–11]. Further, the existing FPGA generates signals
which results in the required synchronization without any
performance degradation.

Nevertheless, referring to the block diagram in Figure 6,
an external source can be used to achieve clock synchroniza-
tion. This evaluation board has a maximum jitter of up to
50 ps which is better than the previous architecture discussed.
The output signaling modes may be changed by software
control independent from each other, which gives the option
of trade-off between power consumption and drive strength
versus frequency. The clock signals generated by the COTS
evaluation board suffered fromovershoot at high frequencies.
When sampled at incorrect instance, this leads to significant
synchronization error.

Orthogonal codes used for encoding/decoding had to
be generated using FPGA. Hence, it was imperative to
employ FPGA in any clocking architecture [8–11]. Further,
multiple AD9576 distribution boards are required to achieve
clock synchronization for a 64-element OSCR system. Apart
from increased implementation complexity, this also requires
synchronization of the distribution circuit. It should be noted
thatOSCRwould behave in a similarmanner if external clock
synchronization scheme is implemented. Doing so will lead
to increased power and cost, thus defeating the sole purpose
of OSCR. It also should be noted that the scope of this paper

was to prove that clock synchronization was in fact possible
without any additional components. Hence, this architecture
is not suited for OSCR, since the drawbacks outweigh its low
jitter performance.

2.3. Measurements and Results. Using the setup in Figure 7,
various multibeam and multifrequency measurements are
performed in the anechoic chamber using the constructed
8 channels [9, 15]. For the measurement, 8 RF boards were
used as receivers and an encoder board was employed for
performing on-site coding. A single ADCwas used for digiti-
zation and the FPGA employed at the digital backend for post
processing. For the setup shown in Figure 7, all the digital
components are synchronized using the initial scheme. The
measurements in the anechoic chamber included five differ-
ent test cases, namely, (Θ𝑠1,in, Θ𝑠2,in) = (0

∘, 50∘), (−10∘, 40∘),
(−20∘, 30∘), (−30∘, 20∘), and (−40∘, 10∘) at frequencies 𝑓1 =
1350MHz and 𝑓2 = 1800MHz and SNR of 22 dB. The main
goal of the measurement is to verify the faithful recovery
of the signal phase after on-site coding/decoding. That is,
OSCR was experimentally verified by accurately estimating
location of two beams simultaneously and performing digital
beamforming.

Table 1 gives the measured angle of incidence (Θ𝑠,in) and
decoded angles (Θ𝑠,out) for various cases. For evaluating the
OSCR, phases were estimated for two different incoming
beams at different frequencies. To evaluate the accuracy
of our approach, we computed the maximum phase error
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Figure 7: Eight-channel OSCR on the workstation outside the chamber. Also shown is the setup inside the anechoic chamber with two
transmitting horn antennas at different locations and 64-element receiver array mounted on a rotating foam column.

Table 1: Angle estimation.

Cases Incident angle Measured angle Max error
Θ𝑠1,in Θ𝑠2,in Θ𝑠1,out Θ𝑠2,out Θ𝑠,err

1 0∘ 50∘ 0∘ 50∘ 0∘

2 −10∘ 40∘ −9.8∘ 41.8∘ 1.8∘

3 −20∘ 30∘ −19.6∘ 31.4∘ 1.4∘

4 −30∘ 20∘ −29.1∘ 20.4∘ 0.9∘

5 −40∘ 10∘ −38.1∘ 10.4∘ 1.9∘

(Θ𝑠,err) defined as the maximum of |Θ𝑠,in − Θ𝑠,out|. Thus
from Table 1, the maximum computed phase error using 8-
channelOSCR isΘ𝑠,err = 1.9

∘.This error ismostly attributed to
system hardware component nonidealities and hence can be
removed via calibration. Also, it should be noted thatmultiple
measurements were performed for repeatability and OSCR
performance remained the same.

Further, from the phase distribution plot shown in Fig-
ure 8, phase variance (𝜎𝜑) can be estimated.The latter is used
to compute the SNR using [11],

SNR = 1
𝜎2𝜑
. (1)

Based on the decoded data, the phase variance was found
to be 0.083 rad, which corresponds to SNR of 21.6 dB. This
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results in 0.4 dB degradation as comparedwith the input SNR
of 22 dB.As stated earlier, this degradation could be attributed
to the hardware component nonidealities.
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Due to hardware limitations of our OSCR system, BER
was computed indirectly from the estimated SNR using,

𝐸𝑏
𝑁0
= SNR × 1

log2𝑀
, (2)

where𝐸𝑏 is the energy per bit,𝑁0 is the noise spectral density,
and 𝑀 = 4 for QPSK. Hence, BER for the corresponding
𝐸𝑏/𝑁0 can be estimated from the theoretical AWGN BER
graph. From the theoretical BER plot for QPSK [9, 11],
the BER is estimated to be ∼5𝑒 − 7 for the computed
𝐸𝑏/𝑁0 of 10.8 dB. Thus, it can be concluded that with the
above synchronization scheme, OSCR performance was not
degraded.

3. Conclusion

Utilizing state-of-the-art FPGA circuits, we designed a
purely digital clock synchronization system, without analog
components (i.e., delay lines) that would require a time-
consuming calibration and lead to increasing jitter for long
delay ranges. Thus, the entire functionality, such as selecting
trigger and clock source, defining trigger threshold level,
setting delay, and defining the polarity and width of the
output, is programmed using VHDL. Clock synchronization
was implemented using the above setup for 8-channel OSCR
system and various measurements and performance analysis
were conducted. It was observed that system worked in a
perfect synchronous manner and signals were detected and
decodedwith no synchronization errors. Alternatively, in this
article we showed that implementing clock synchronization
using COTS distribution board suffers frommany drawbacks
as compared to FPGA distribution. Further, when expanding
OSCR to 64 channels, establishing clock synchronization
using the above approach leads to more complex problems.
It can be concluded that using FPGA as a master source for
synchronization proves to be a better choice owing to its
performance and the flexibility it offers.
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