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Real-Time Digital Nyquist-WDM and OFDM Signal Generation: 
Spectral Efficiency Versus DSP Complexity 
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Abstract We investigated the performance of Nyquist WDM and OFDM with respect to required DSP 

complexity. We demonstrate Nyquist pulse-shaping requiring less resources than IFFT-based OFDM 

for a similar performance. Tests are performed with QPSK/16QAM in a three-carrier WDM scenario. 

Introduction 

Maximising spectral efficiency (SE) while 

simultaneously minimizing complexity, power 

consumption and transceiver cost are key 

challenges in meeting the growing demand for 

capacity in the world’s optical networks. One 

approach to increase SE, alongside high-order 

M-ary QAM signalling and polarization 

multiplexing/switching, is the use of WDM 

channel spacing close to or at the Nyquist limit. 

To achieve such narrow spacing, signal spectral 

shaping is required to prevent frequency 

components in each WDM channel occurring 

outside the Nyquist band, causing interference 

between the channels. We investigated and 

directly compared for the first time two DSP-

based approaches to achieve this: firstly, 

signalling with Nyquist sinc-pulse shaping 

(termed hereafter as Nyquist-WDM) [1] and, 

secondly, orthogonal frequency division 

multiplexing (OFDM) [2]. 

Both techniques were evaluated in terms of 

OSNR and SE performance in a single-carrier 

and WDM setup, respectively. A trade-off exists 

between the DSP complexity and the achievable 

SE. We investigated this trade-off through the 

development and assessment of real-time DSP 

circuits for QPSK and 16QAM Nyquist-WDM 

and OFDM signal generation, implemented on 

software-defined optical transmitters with field 

programmable gate array (FPGA) hardware. 

Experimental setup 

Figure 1 shows the experimental setup. Three 

single-polarization WDM channels were 

generated using tunable external cavity lasers 

(ECLs) and a pair of nested LiNbO3 Mach-

Zehnder modulators, which were connected in a 

configuration such that the two outer channels 

were modulated independently from the centre 

channel. Two software-defined transmitters, 

each based on pairs of FPGAs (Xilinx Virtex 5 

XC5VFX200T) and high-speed Micram DACs 

with 6 bit resolution, operating at 20 GSa/s and 

followed by anti-aliasing filters with 12.5 GHz 

bandwidth, were used to generate the modulator 

drive waveforms (Tx I for the centre channel, 

Tx II for the two outer channels in Fig. 1). A 
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 − 1 PRBS was transmitted, and the 

polarization states of the WDM channels were 

adjusted to obtain the worst case penalty due to 

interference between the channels. An optical 

spectrum analyser (OSA) was used to measure 

the WDM signal spectra (0.06 nm resolution). 

The OSNR and therefore the relative amplified 

spontaneous emission (ASE) noise loading 

could be adjusted with a VOA. The centre 

channel was selected with an optical filter, 

coherently detected using an Agilent optical 

modulation analyser (OSA), and the data were 

recovered using off-line DSP [2][3]. 

 

Fig. 1 Experimental setup for real-time OFDM and 
Nyquist sinc-pulse shaping measurements. Two 
software-defined transmitters generate either complex 
Nyquist pulses or OFDM data to be modulated onto 
three free-running ECL. The blue signal path marks 
polarization maintaining optics. A VOA is used to vary 
the signal power before the first EDFA for OSNR 
measurements. A standard 1 nm optical filter 
removes ASE away from the three channels. A 
second EDFA guarantees optimal input power to the 
Agilent optical modulation analyser (OMA) where the 
signals are coherently received. 
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DSP implementations 

The implementations of the high-order FIR filters 

for the Nyquist sinc-pulse shaping made use of 

look-up tables (LUTs), avoiding the need for 

resource-hungry complex multiplications. An 

efficient code such as realized in [3] has been 

implemented. The FPGA produces 128 samples 

(each of 6 bit depth) per clock cycle (6.4 ns for 

20 GSa/s). In each computation window, and 

with an oversampling factor of 2, a series of 

128 / 2 = 64 modulated sinc-pulses form the 

output signal. The FIR filter is realized in the 

time domain by convolving the complex 

modulation coefficients with a sampled sinc-

shaped impulse. The output of the filter is fed to 

a clipping module, before being passed to the 

DAC. Transmitter DSP designs with filter orders 

R = 32, 64 and 128, were developed and tested, 

with QPSK and 16QAM formats carrying 20 and 

40 Gb/s per WDM channel respectively with an 

optical signal bandwidth close to 10 GHz. 

The OFDM signal comprised 85 sub-channels, 

including 80 data carrying channels and four 

pilot tones as well as the DC carrier left blank. 

The sub-carrier spacing and symbol rate 

amounts to 156.25 MHz. No cyclic prefix was 

used. Real-time processing blocks implemented 

on the FPGA consist of QPSK or 16QAM 

mappers, a 128-point inverse fast Fourier 

transform (IFFT) core with 10 bit precision, 

generated by the Spiral hardware generation 

tool [4] followed by a clipping module and finally 

the interface to the DAC. With QPSK and 

16QAM formats, the bit-rates per channel were 

25 and 50 Gb/s respectively with an optical 

signal bandwidth of 13.3 GHz. 

In order to obtain an equal data rate for the 

OFDM and Nyquist-WDM signals the sampling 

rate of the OFDM must be chosen 16 GSa/s 

whereas the Nyquist-WDM should be operated 

at 20 GSa/s. This stems from the fact that the 

Nyquist-WDM DSP used two-fold oversampling 

and the OFDM DSP oversampled by a factor of 

128 / 85 ≈ 1.5. The available anti-alias low-pass 

filters with the cutoff-frequency 12.5 GHz did not 

remove the whole image spectra at 16 GSa/s 

DAC operation, and for this reason, 20 GSa/s 

and higher channel bit-rates were used for the 

OFDM. In order to guarantee a fair comparison 

between OFDM and Nyquist signalling, we 

extract the SNR from the measured OSNR0.1nm 

[5] taking into account the differing signal 

bandwidths. 

Experimental results  

In a first experiment we tested the SNR 

sensitivity of single channel OFDM signals 

generated by a 128 point IFFT against Nyquist 

pulse shaped signals generated with FIR filters 

of orders 32, 64 and 128. The results of the 

error vector magnitude (EVM) [6] versus SNR 

measurements have been plotted in Fig 2. It can 

be seen that the quality of the Nyquist signal is 

independent of the filter order. For 16QAM 

OFDM, the EVM was found to be higher than for 

Nyquist-WDM. We attribute this in part to the 

10 bit precision of the IFFT core, which was 

limited by the available resources on the 

FPGAs. The 16QAM constellations for both 

Nyquist-WDM and OFDM, obtained with the 

OMA, are shown in Fig. 3. 
 

 

Fig. 2 EVM versus SNR for QPSK (top) and 16QAM 
(bottom) for Nyquist signals with different filter lengths 
(roll-off), and for OFDM transmission 
 

 
Fig. 3 Measured constellations of a single channel at 
high OSNR. Left: 16QAM-Nyquist-WDM signal. Right: 
one sub-channel of the 16QAM-OFDM signal. 
 

Next, in order to assess the achievable SE we 
tested all designs in an ultra-dense WDM 
experiment comprising three free-running 
carriers. Only the linear inter-channel crosstalk 
affecting the middle channel was investigated as 
no additional information (for linear operation) 
can be gained from increasing the number of 
channels. The OSNR was set to its maximum 
achievable value. With the wavelength of the 
centre channel kept constant, the outer channel 
wavelengths were varied to adjust the SE of the 
WDM signal. The guard-band between the 
edges of the signals was varied from 10 GHz 
down to zero for Nyquist-spacing. Figure 4 
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shows the WDM spectra with 5 GHz and 
500 MHz guard bands. 

 
Fig. 4 Three-channel WDM spectra with guard-bands 
of 5 GHz (left) and 500 MHz (right) for Nyquist pulse 
shaping (top, blue) and OFDM (bottom, red). 
 

 
 

Fig. 5 Measured EVM versus guard-band width. Top: 
QPSK. Bottom: 16QAM. 

In Fig. 5, EVM vs. guard-band width is plotted 

for QPSK (top) and 16QAM (bottom) of OFDM 

and Nyquist-WDM signals. For the case of 

Nyquist-WDM signalling, and without guard-

bands between channels, increasing the order 

of the sinc-shaping FIR filters to 128 resulted in 

a significant reduction of the EVM, down to 

15.1 % and 13.6 % for QPSK and 16QAM, 

respectively. For the case of OFDM without 

guard-bands, similar EVM values were 

measured: 14.8 % (QPSK) and 12.3 % 

(16QAM), respectively. As expected, the higher 

frequency OFDM subcarriers are most 

influenced by inter-channel crosstalk. For guard-

bands > 500 MHz, even the lowest (32
nd

) order 

Nyquist filter showed excellent performance. 

Resource requirements 

Table 1 summarizes the resources on the FPGA 

used to implement the digital Nyquist-WDM and 

OFDM transmitter DSP. All displayed numbers 

are based on synthesis results using the Xilinx 

XC5VFX200T FPGA. Comparing the required 

resources to generate a complex Nyquist pulse 

or OFDM waveform, we can conclude that, while 

the number of slice registers and slice LUTs 

break even for filter orders around 64, the LUT-

based time domain pulse shaping technique we 

employed removes the need for any DSP48E 

slices as they support several functions (e. g., 

resource-hungry multiplications). 

Conclusions 

We directly compared, for the first time, 

performance and DSP complexity of OFDM and 

Nyquist pulse shaping in an ultra-dense WDM 

scenario. Both, OFDM and Nyquist-WDM 

channels, can be placed next to each other 

close to the Nyquist limit without experiencing 

any significant inter-channel crosstalk, even 

though free-running lasers provided the optical 

carriers. The overall OFDM signal quality was 

essentially limited by the precision of the 

implemented IFFT. This is especially true for 

higher order modulation formats like 16QAM. 

Due to the independent laser sources, an 

increase in filter order is not expected to further 

minimise the crosstalk. At small guard-bands, 

already 32
nd

 order low-resource Nyquist pulse-

shaping suffices. 
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Table 1: FPGA resource utilization for complex signal generation 
 

Resource OFDM Nyquist pulse shaping 

 QPSK 16QAM 32
nd

 order 64
th
 order 128

th
 order 

Slice registers 39850 41790 28630 44840 74230 

Slice LUT 46720 50508 19910 36790 64410 

DSP48Es  
(e. g. multipliers) 

380 380 0 0 0 

 


