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Abstract: A blind frequency and phase search algorithm for joint frequency and phase
recovery is introduced. The algorithm achieves low complexity due to processing in polar
coordinates, which reduces the amount of multiplications. We show an implementation for
real-time processing at 32 GBd on FPGA hardware. The hardware design allows for dynamic
multi-format operation, where the format can be switched flexibly after each clock cycle (250
MHz, 128 Symbols) between 4QAM, 8QAM, and 16QAM. The performance of the algorithm
is evaluated with respect to laser phase noise, carrier frequency offset, and carrier frequency
offset drift. The effect of working with limited hardware resources is investigated. An FPGA
implementation shows the feasibility of our carrier recovery algorithm with a negligible
penalty when compared to a floating point simulation.
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1. Introduction
An efficient multi-format carrier recovery is an essential processing block in coherent
receivers for future elastic optical networks (EON) [1,2]. A particular challenge in such
networks is that transceivers need to adapt flexibly to actual traffic demands. Thus, coherent
receivers need to dynamically follow the modulation format and signal bandwidth of the
transmitters. For this, transceivers need efficient, universal, and flexible digital signal
processing (DSP) units.
Two vital blocks in such DSP units are the carrier frequency recovery (CFR) and carrier
phase recovery (CPR) [3]. The CFR detects, tracks, and corrects for the carrier frequency
offset (CFO) between transmitter and receiver laser. The CPR compensates for laser phase
noise and phase offsets. The phase noise originating from the lasers` finite linewidth is
varying much faster than the frequency drift. For the CFR, only slow changes have to be
tracked which simplifies the implementation. Here, we confine the discussion to non-dataaided algorithms as they achieve higher spectral efficiencies because they avoid additional
training symbols or pilot tones.
There are mainly two categories of CFR algorithms. The Mth power algorithm that can be
implemented either in time [4] or in frequency domain [5] and the blind frequency search
(BFS) [6]. CPR algorithms can also be subdivided in two big groups. The most common
algorithm for QPSK is the Viterbi-Viterbi phase estimation (VVPE) algorithm [7]. The VVPE
algorithm has been adapted with QPSK-partitioning [8], multi-stage approaches [9], and for
higher order modulation formats [10]. A second group of CPR algorithms uses the blind
phase search (BPS) [11]. The BPS typically suffers from a large complexity. Meanwhile, the
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complexity has been reduced by multi-stage approaches [12,13] and with a simplified cost
function [14]. Both approaches have already been demonstrated in real-time at low symbol
rates [15]. Another group of CPR algorithms takes advantage of a nonlinear transformation of
the received signal. They use either a harmonic decomposition [16,17] or the nonlinear least
square [18]. Recently, an additional approach has been shown for a real-time implementation
at 25 GBd [19] where a multi-symbol delay detection (MSDD) scheme is used [20].
However, a flexible, blind, and joint CFR and CPR that operates in real-time with low
hardware complexity at highest data rates has not yet been shown. This in part is because
such hardware implementations in coherent optical communication links with >100 Gbit/s are
challenging as the hardware has to process several 100 Gbit/s to Tbit/s of raw data at DSP
clock frequencies that typically operate below 1 GHz. Therefore, massive parallel processing
is required [21]. Thus, big blocks of data need to be processed simultaneously. Yet, due to the
large number of parallel operations, a real-time capable hardware implementation can only be
implemented if the processing complexity is minimized. Minimum complexity is also
necessary to achieve a reasonable low power consumption.
In this paper, we present a real-time, flexible, blind, and joint CPR [22] and CFR [23]
algorithm that operates in polar coordinates for operation with low complexity. The
algorithms are based on the BFS and BPS techniques. We explain the operation principle,
show the performance through simulations and demonstrate a real-time hardware
implementation for the 4QAM, 8QAM, and 16QAM modulation formats. The
implementation is realized without using hardware multiplications on the FPGA. The
resilience of the algorithms to impairments such as laser phase noise (LPN), low signal-tonoise ratio (SNR), and a static and varying carrier frequency offset (CFO) has been analyzed
using MATLAB and ModelSim simulations. The complexity and hardware requirements
have been studied for an FPGA-based prototyping platform with Vivado design tools
(Xilinx).
2. Operation principle and implementation
The multi-format carrier recovery algorithm comprises two main blocks. The first part is a
CFR algorithm that compensates for CFO and CFO drifts between transmitter and receiver.
The second part is a CPR algorithm that compensates for the laser phase noise. The CFR is
adapted in parts from [6] and has been modified for lowest hardware complexity as
introduced in [20]. The CPR is partially based on [11] and a real-time implementation with a
modified metric is presented in [19]. Key for lowest processing complexity and therefore a
hardware implementation of our CR are processing in polar coordinates and new simplified
metrics.
The general principle for the CFR and CPR algorithms is shown in Fig. 1(a). For both
algorithms, the input data is needed in polar coordinates. If the data is provided in Cartesian
coordinates, a coordinate transformation block is needed. Such a coordinate transformation
can be implemented with little hardware resources using the CORDIC algorithm [24]. Both
algorithms consist of three steps. In the first step, test frequencies or test phases are used to
blindly correct the received signal. In the second step, the corrected signal is evaluated with a
cost function to judge the quality of the applied correction. The cost function becomes
minimal when the optimum correction frequency or phase has been found. For different
modulation formats like 4QAM, 8QAM, and 16QAM, see Fig. 1(b), different cost functions
are used. The cost function can also be adapted for other modulation formats especially if
their symbols can adequately be described in polar coordinates. This applies for modulation
formats such as phase shift keying (m-PSK) and amplitude and phase shift keying (m-APSK).
In the last step, the selected correction frequency or phase is applied to the signal. For the
CFR, the frequency error changes slowly. Therefore, the test frequencies can be applied in
sequence over a large number of clock cycles. However, the phase error varies quickly so that
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the test phases in the CPR have to be applied and evaluated in parallel. In the following
sections, we describe the implementations of CFR and CPR in detail.

Fig. 1. (a) Schematic of the carrier recovery operation principle. The two important blocks are
the carrier frequency recovery (CFR) and the carrier phase recovery (CPR). The CFO varies
slowly with time so that testing of the proper frequency may be performed in a serial manner,
i.e. with one test frequency at a time. The CFR algorithm then evaluates a cost function with
the defined test frequency to select the correct frequency offset and corrects the CFO. The CPR
adds test phases in parallel, evaluates the cost function for each and corrects the phase. (b) The
three modulation formats (4QAM, 8QAM, and 16QAM) that are subsequently recovered by
the proposed algorithm. The different constellation points are subdivided into groups with
identical magnitude (r0, r1, and r2).

2.1 Multi-format frequency recovery implementation

Fig. 2. The proposed carrier frequency recovery corrects the frequency offset in four steps. To
provide the samples in polar coordinates, the CORDIC algorithm [21] transforms LCFR
complex time samples rl from Cartesian to polar coordinates. (1) In the first step, K test
frequencies fk are applied sequentially to the incoming signal by adding the corresponding
linear phase ramp (φk,1,…, φk,L). (2) In the second step, the cost function JCFR(fk) is calculated
for the current test frequency fk. (3) In the third step, the results are stored in a buffer and
evaluated by the min(·) block, which selects for the correct CFO among the K test-frequencies.
An exponential average function is applied to improve the estimation. (4) The frequency offset
is corrected by applying the correction with a vector of linearly increasing phase from the
selected CFO.

The schematic of the CFR is depicted in Fig. 2. As the frequency drift of typically 0.2
MHz/μs [25] is significantly smaller than the target symbol rate, the CFR can operate at a
lower speed. Therefore, it is sufficient for our implementation of the CFR to evaluate only
one test frequency per clock cycle and select the correct frequency offset once all test
frequencies have been evaluated.
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If the signal is not available in polar coordinates, it is first converted from Cartesian
coordinates to polar coordinates to reduce the complexity of the subsequent steps. Here, we
exploit the CORDIC algorithm [24] that converts the incoming complex time samples rl
(sampled at times tl with l = 1, …, LCFR ), to polar coordinates with amplitude ( rl ) and phase(
∠rl ) without the use of multiplications.
The CFR itself operates on a block of LCFR samples per clock cycle and comprises four
steps: A test frequency is applied to the signal, a cost function is evaluated, the optimal test
frequency is detected, and the CFO is corrected. In the following, we describe the respective
steps in more detail.
We first apply one of K test frequencies f k ( k = 1,..., K ) per clock cycle to the received
signal. This is implemented by adding to the signal phase ( ∠rl ) a linear phase ramp
ϕ k ,1 , …, ϕ k , L that corresponds to the test frequency f k = dϕ k / d t . For the correct test
frequency, this results in a sequence of LCFR samples with a minimal frequency offset.
In the second step, we calculate the cost function JCFR(fk) to obtain a measure for the
residual frequency offset. For the minimal frequency offset that corresponds to the correct test
frequency, the phase of the samples should now be nearly constant. As a result, the variance
of the phase, which is a superposition of the added noise of the signal and the phase drift due
to the frequency offset, will be minimal as well. To calculate the variance of the phase,
additional processing steps are required to remove the symbol information. Depending on the
received format (4QAM, 8QAM, or 16QAM), we remove the symbol information differently.
For 4QAM we map the four symbols to the first quadrant by performing a modulo π / 2
operation on the phase, see Fig. 3(a)
π

ϑtest, k ,l = mod  ∠rl + ϕk ,l ,  .
(1)
2

In a hardware implementation, this is easily realized by neglecting the two most significant
bits of the phase information of the signal. For 8QAM, we perform the same modulo π / 2
operation but additionally rotate the outer ring symbols on the radius r1 by π / 4 , see Fig.
3(b). For 16QAM, only symbols on the inner r0 and the outer ring r2 are selected through
amplitude partitioning and subsequently mapped to the first quadrant with the modulo π / 2
operation, Fig. 3(c). In [23], we used additionally the middle ring r1 for frequency estimation.
Here, the middle ring r1 is neglected to reduce the hardware complexity.
We then calculate the phase difference Δϕ k ,l to the reference phase at ϕref = π / 4
Δϕ k ,l = ϑtest , k ,l − ϕ ref ,

(2)

where the ϕref = π / 4 angle corresponds to the angle where an ideal symbol should be found
after performing the modulo π / 2 operation.
Finally, the variance of the phase differences Δϕ k ,l has to be calculated
J CFR ( f k ) =

LCFR LCFR

1
LCFR

2

1

  2 ( Δϕ
i =1 l =1

− Δϕ k ,l ) .
2

k ,i

(3)

To save hardware resources for an efficient implementation we replace the demanding
variance operation by a simpler expression
J CFR ( f k ) =

I < LCFR LCFR

  Δϕ
i =1

l =1

k ,i

− Δϕk ,l .

(4)

Here, the complexity is reduced by reducing I and neglecting squaring and normalization.
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Fig. 3. Partitioning and remapping of the symbols to remove data information from the signal
and therefore align the symbols to an axis with identical relative phase φref. Here, the reference
phase φref is π / 4. The process is adapted for (a) 4QAM, (b) 8QAM, and (c) 16QAM. For
4QAM, a modulo π / 2 suffices to align all symbols to one phase. For 8QAM and 16QAM, the
constellation points have to be separated in groups with identical magnitude (r0, r1, and r2).
Subsequently, the grayed out constellation points in (b) and (c) are either shifted by π / 4 for
8QAM (b) or neglected for 16QAM (c).

In the third step, all results of the cost function are evaluated to determine the optimum
test frequency and therefore the frequency offset. As only one test frequency is evaluated per
clock cycle, the results are buffered. After calculating the result of the cost function for all K
test frequencies, the buffer contains results of J CFR ( f k ) for all test frequencies and will be
continuously updated. The estimated optimal offset frequency is found by the minimum of the
cost function J CFR ( f k ) . The shape of the cost function for 4QAM, 8QAM, and 16QAM is
displayed in Fig. 4(a). Here, we neglected the laser phase noise to clearly show the
unperturbed cost function. It can be observed that a larger block of samples leads to a steeper
cost function. In our implementation, an exponential average on the selected CFO reduces the
impact of noise and decreased precision due to approximations in the implementation. The
exponential average is implemented by imin,t = α ⋅ imin,t + (1 − α ) ⋅ imin,t −1 , where imin,t is the
recent and imin,t −1 the previous minimum index of the cost function. The variable α is the
weighting factor and is set to α = 0.125 . Figure 4(b) shows the CFR without (blue) and with
exponential averaging (green) tracking the CFO of a 16QAM signal (red, drift 1 MHz/μs).

Fig. 4. Performance of the CFR for different formats. (a) Normalized JCFR as a function of test
frequencies fk for 4QAM, 8QAM, and 16QAM and for LCFR = 64 and LCFR = 128. (b) The
estimated carrier frequency offset (CFO) as a function over time for 16QAM. The red curve
shows the actual CFO which drifts by 1 MHz/μs. The blue dots represent the estimated CFO
values without exponential average and the green dots represent the estimated CFO value with
exponential average.
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In the last step, the CFO is corrected by adding the respective phase vector of the selected
test frequency to the signal. After CFO compensation, the CPR stage described in the
following section corrects the remaining phase offset.
2.2 Multiplier-free phase recovery implementation

Fig. 5. Block diagram of the proposed carrier phase recovery (CPR) algorithm consisting of
four steps. (1) Parallel summation of B test phases φb to the received phase ∠rl, (2)
computation of the cost function JCPR(φb), (3) selection of the smallest cost function value to
determine the optimum test phase, and (4) correction of the received phase ∠rl with the
optimal test phase φb.

Figure 5 shows the block diagram of the multi-format carrier phase recovery (CPR). The CPR
algorithm uses the same processing structure as the CFR with the main difference that all test
phases have to be applied in parallel to track the quickly changing carrier phase. Similar to
the CFR, we use polar instead of Cartesian coordinates in order to implement a multiplier free
system. Since the received samples rl have already been converted to polar coordinates for
the CFR block, no further CORDIC stage is needed in the CPR block. While the phase
information is used for processing in all of the following steps, the amplitude is only needed
for the partitioning in case of 8QAM and 16QAM.
The CPR algorithm corrects the phase offset in four steps. First, test phases are added.
Second, the quality of the test phases is calculated with the cost function. Third, the optimal
phase is detected by minimizing the cost function. Finally, the signal phase is corrected. We
will now describe these processing blocks in more detail.
First, we add a number of B test phases ( ϕb = ϕ1 ,…ϕ B ) to B copies of the received
phase values ( ∠rl ) in a block of the length LCPR. This results in B blocks of LCPR estimated
phases ϑtest , out of which the correct sampling phase has to be selected.
Second, we analyze the B blocks of samples with a cost function J CPR (ϕb ) to detect the
correct phase offset. The cost function performs an averaging over the phase difference to one
or multiple reference phases ϕ ref :
J CPR (ϕb ) =
with ϑtest,l ,b

(ϑ

1

LCPR

LCPR

l =1

test, l , b

− ϕref ( rl ,ϑtest,l ,b )

π

= mod  ∠rl + ϕb , 
2


)

(5)

The reference phases ϕ ref are selected differently depending on the modulation format. For
4QAM, no partitioning is needed and the reference phase is ϕref = π / 4 . For 8QAM, the outer
ring ( r1 ) is shifted by a phase of π / 4 . Thus the reference phase can also be chosen as
ϕref = π / 4. In case of 16QAM, three reference phases are needed. A reference phase of
ϕref = π / 4 for the inner and the outer ring (Fig. 1(b)) and two reference phases of
ϕref = atan (1/ 3) , atan ( 3 /1) for the middle ring. The reference phases are selected by an
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amplitude and subsequent phase partitioning as illustrated in Fig. 6(b). First, a decision is
made if the symbols are part of the inner ( r0 ), middle ( r1 ), or outer ring ( r2 ). For the middle
ring a second stage phase decision with a phase threshold of π / 4 is needed. As we use a
block length of LCPR = 2 n , the phase estimation can be calculated by additions and bitshifting only. For a correct estimate, an average over a sufficiently long sequence of symbols
is needed. Even though averaging using a Wiener filter would promise optimal performance
[26, 27] we chose to implement a simple block wise averaging which allows for lowest
hardware complexity.
In the third step, we select the correct phase out of all test phases. For the correct carrier
phase, the cost function J CPR (ϕb ) becomes minimal as depicted in Fig. 6(a) with a block size
of LCPR = 128 and a number of test angles of B = 99 .

Fig. 6. Performance of the CPR for different formats and the partitioning for 16QAM. (a)
Normalized JCPR as a function of the test phases φb for 4QAM, 8QAM and 16QAM. (b)
Portioning concept for 16QAM to calculate the cost function JCPR(φb). Symbols are mapped to
the first quadrant and are partitioned according to their amplitude and phase (dotted red lines).

In the final step, the carrier phase is corrected by adding the selected test phase to the
received phase value. As all values are available in polar coordinates, this can be realized
with minimum effort.
3. Complexity and hardware utilization
We implemented the proposed multi-format carrier recovery in VHDL and synthesized the
design in order to evaluate the hardware consumption on an FPGA chip. The implementation
includes the CORDIC algorithm for conversion from Cartesian to polar coordinates, the CFR
algorithm, and the CPR algorithm. The implementations of CFR and CPR are multi-format
capable and operate for 4QAM, 8QAM, and 16QAM. The design was evaluated with the
Vivado design tools. The hardware design processes 128 samples in parallel with a clock
frequency of 250 MHz, which results in a symbol rate of 32 GBd. Each sample represents one
symbol and has a resolution of 8 bit per in-phase and quadrature component. Each sample
represents one symbol and has a resolution of 8 bit per in-phase and quadrature component.
For the CFR we choose LCFR = 128, I = 24, and K = 51. The CPR is implemented with LCPR =
32 which results in four parallel CPR blocks in order to process 128 symbols per clock cycle.
The size of LCPR has no significant influence on the hardware complexity as long as the
overall amount of processed symbols remains the same. We use a Xilinx Virtex 7 FPGA chip
for our design considerations. The hardware requirements for designs with different number
of test phases is presented in Table 1. As expected, the implementations utilize no DSP units.
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Table 1. FPGA chip utilization (% of Xilinx xc7vx690t).
Test Phases
16
20
24
28
32

Slice Register
175911 (40.61%)
202336 (46.71%)
221647 (51.17%)
244631 (56.47%)
255650 (59.01%)

Slice LUT
297428 (34.33%)
325634 (37.58%)
349513 (40.34%)
382763 (44.18%)
398574 (46.00%)

DSP48E
(e.g. multipliers)
0 (0%)
0 (0%)
0 (0%)
0 (0%)
0 (0%)

4. Simulations and performance evaluation
We studied the performance of our algorithm by numerical simulations. As impairment
factors, we modeled additive white Gaussian noise (AWGN), combined laser phase noise
(LPN) from the transmitter and receiver, carrier frequency offset (CFO), and a CFO drift. The
laser phase noise was modeled as Wiener process as suggested in [11]. To focus on the
limiting factors of the CR, other impairments like timing offset, chromatic dispersion, and
polarization mode dispersion were excluded from the simulation. The simulation was
performed with a PRBS sequence of length 215 – 1, which was repeated to generate a
sequence with more than 106 symbols. The algorithm was analyzed for 4QAM, 8QAM, and
16QAM. We considered a symbol rate of 32 GBd and we used differential encoding [26]. We
studied the performance in two steps. First, we investigated the performance of the CPR and
in the second step the performance of the combined CFR and CPR algorithm.

Fig. 7. Simulation results for the CPR processing 32 GBd signals with 4QAM, 8QAM, and
16QAM. SNR penalty at a BER of 10-3 as a function of (a) the block size LCPR under influence
of a laser linewidth of 100 kHz and 1 MHz, (b) the laser linewidth with block sizes of
LCPR=32, 64, (c) the number of test angles B under the influence of a laser linewidth of
100 kHz, (d) the ADC word width in number of bits under the influence of a laser linewidth of
100 kHz.
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The simulation results of the CPR without CFR and neglected impairments like CFO and
CFO drift are presented in Fig. 7. In each case, we show a penalty for the required SNR to
achieve a BER of 10-3. The penalty is calculated in relation to the theoretical limit. The
theoretical limits assumed for differentially encoded 4QAM, 8QAM, and 16QAM are 10.35
dB, 14.08 dB, and 16.97 dB, respectively [26]. The amount of test phases was chosen to be
B4QAM = 31 for 4QAM and B8QAM,16QAM = 51 for 8QAM and 16QAM to avoid the influence of
a limited resolution of the test phases.
Figure 7(a) shows the influence of the processing block size LCPR of the CPR. For
different LPN, different block sizes offer advantages in performance. For low LPN, long
window lengths LCPR are beneficial as AWGN related errors average out. For larger LPN,
shorter window lengths LCPR are required to avoid phase fluctuations within the window
length LCPR . For smallest window lengths, the estimate of the algorithm degrades
significantly, as the AWGN cannot be reduced by averaging anymore. For the following
simulation, we considered a window length of 32 and 64. Figure 7(b) shows the algorithm’s
performance under influence of an increasing LPN. The shorter window length LCPR = 32
shows better tolerance to LPN, as is expected from Fig. 7(a). Considering an SNR penalty
smaller than 0.5 dB, the algorithm tolerates a laser linewidth of up to 4 MHz, 3 MHz, and 800
kHz for 4QAM, 8QAM, and 16QAM, respectively. Figure 7(c) presents the SNR penalty for
different numbers of test angles B. The block size was fixed to LCPR = 32 and the combined
laser linewidth was assumed to be 100 kHz. The amount of test angles has a direct influence
on the complexity of the implementation since the different test angles are applied in parallel.
Therefore, it is important to investigate the minimal amount of test phases required for a
reasonable performance. For 4QAM, 8QAM, and 16QAM the performance degradation is
below 0.25 dB for B ≥ 9 , B ≥ 12 and B ≥ 24 test angles, respectively. In Fig. 7(d), we show
the performance degradation under influence of a limited ADC word width. The signal is
impaired by AWGN and a combined laser phase noise of 100 kHz. The block size is fixed to
LCPR = 32 . At a limited ADC word width of 6 bit, we observe an SNR penalty of 0.16 dB,
0.22 dB, and 0.36 dB for 4QAM, 8QAM, and 16QAM, respectively. For word width larger
than 8 bit, only a minor performance improvement is visible for the three modulation formats.
In the next step, we added our CFR unit to the simulation model. We evaluated the
performance of the CFR for varying CFOs and drifting CFOs under the influence of a fixed
combined LPN of 100 kHz. The CPR has a fixed processing length of LCPR = 32 and B = 51
test. We used a large number of test angles to neglect the influence from a limited amount of
test angles. The CFR is implemented with a fixed number of K = 51 test frequencies in a
range of ± 150 MHz. For larger frequency ranges, the number of test frequencies K can be
increased. Since the different test frequencies are applied sequentially the amount of parallel
processing steps is not increasing with an increasing K, only a larger memory for the stored
test frequencies is needed. The speed of tracking a drifting CFO, however, will decrease with
an increasing K since it takes a longer time to apply all the test frequencies sequentially.
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Fig. 8. Simulation results for the CFR processing 32 GBd signals with 4QAM, 8QAM, and
16QAM. (a) SNR penalty as a function of carrier frequency offsets (CFOs) with CFR and
without CFR. (b) SNR penalty as a function of carrier frequency offset (CFO) drifts for
processing lengths of LCFR = 128 and LCFR = 256.

Figure 8(a) depicts the results of our simulations with different CFO values and a fixed
LCFR = 128. We present the performance difference between processing without and with
CFR. Without CFR stages, a CFO of 37.5 MHz, 25 MHz and 12.5 MHz. for 4QAM, 8QAM,
and 16QAM is still tolerable with an SNR-penalty below 0.5 dB. Thus, the single CPR is also
able to track and correct a phase development such as a CFO to a certain amount. With the
CFR stage no performance dependency for different CFOs can be observed. The influence of
CFO drifts to the proposed CR is presented in Fig. 8(b). The results are presented for a
processing length of LCFR = 128 and LCFR = 256 . A larger processing length results in a larger
performance penalty with increasing speeds of a drifting CFO. It is associated with the larger
amount of time samples which are needed to calculate a CFO estimate. Consequently, the
CFO estimates are not calculated fast enough to track the drifting CFO.

Fig. 9. Results of software simulation and hardware realization for 4QAM, 8QAM, and
16QAM (a) BER performance as a function of SNR of the software (SW) and hardware (HW)
implementation compared to the theoretical limit of differential encoding. (b) Constellation
diagrams which are modulated by the carrier recovery hardware implementation

To investigate the performance of the hardware implementation (HW) and the floating
point Matlab simulation (SW) in comparison, we implemented a Matlab-Modelsim cosimulation. We compared the BER performance of the SW and the HW simulation for 24 test
angles, a CFO of 80 MHz, a CFO drift of −1 MHz/µs, and a laser linewidth of 300 kHz. We
increased the linewidth to 300 kHz to stress test the implementation. The hardware
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implementation, including the CORDIC algorithm, was designed with a word width of 8 bit
for the in-phase and quadrature components or amplitude and phase, respectively. The
different block sizes for the CFR and the CPR are set to LCFR = 128 and LCPR = 32. We
simulated >106 symbols for each BER value and investigated the dependence on the SNR for
4QAM, 8QAM, and 16QAM. The same multi-format capable hardware design was used for
all modulation formats. Figure 9(a) shows the results for HW and SW simulation in relation
to the differentially coded theoretical limits of the respective modulation format. We observe
minimal penalties for the required SNR for a BER of 10−3 for SW and HW simulations. For
4QAM and 8QAM, the penalty is below 0.2 dB, for 16QAM, the penalty is below 0.4 dB.
The minor SNR penalty between SW and HW originates from the fixed point calculation in
case of HW processing. The larger SNR penalty of 16QAM can be attributed to the required
partitioning which is not ideal in polar coordinates. Constellation diagrams of the output of
the HW simulation for all formats are shown in Fig. 9(b). In each case, the SNR that is
theoretically required for a BER of 10−3 is used for the simulation. Zooming in, one may
observe the 256 quantized phase states allowed by the 8 bit resolution.
5. Conclusion
We have introduced a joint multi-format frequency and phase recovery algorithm relying on
processing in polar coordinates for low hardware complexity and demonstrated its operation
at 32 GBd. Processing in polar coordinates is especially beneficial for the parallel application
of test phases and calculation of the cost function in the BPS based CPR. The performance of
our CR algorithm, working for 4QAM, 8QAM, and 16QAM, has been tested under influence
of laser linewidths, carrier frequency offsets and carrier frequency offset drifts. For the
hardware implementation, we investigated the influence of design parameters like processing
block length, resolution of the test phases and limited word widths. The CR algorithm has
been implemented in VHDL and the chip utilization of an FPGA implementation shows its
feasibility. The algorithm can dynamically switch the modulation format after each clock
cycle (250 MHz, 128 Symbols). We compared the BER performance of our hardware
implementation with the software simulation under the influence of a 300 kHz linewidth
laser, a CFO of 80 MHz and a CFO drift of −1 MHz/µs. The SNR penalty for the hardware
implementation when compared to the theoretical limit is negligible (<0.2 dB for 4QAM and
8QAM, <0.4 dB for 16QAM).
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