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ABSTRACT The 4-level pulse-amplitude modulation (PAM-4) with an analog-digital converter (ADC)-
based receiver (RX) has become the most commonly employed modulation for ultra-high-speed serial
links with the data rate above 100Gb/s. To support the data rate of 200 Gb/s, orthogonal frequency
division multiplexing (OFDM) has been studied recently as one of the possible modulation schemes in
the next-generation serial links. The OFDM can feature high bandwidth efficiency without increasing the
equalization complexity, leading to a reduced maximum signal amplitude attenuation and lower required
DAC/ADC conversion rates given sufficient DAC/ADC resolutions such that the BER is not primarily
limited by the data converters’ resolution. This paper presents system-level modeling results of OFDM-
based wireline serial links, with a particular emphasis on the impacts of the fast Fourier transform (FFT)
processor’s tap count on the serial link performance. The relationship among the cyclic prefix (CP), FFT
tap count, and the link bit-error-rate (BER) are thoroughly explained. The analysis explains that the power
consumption of a partially-serial FFT processor improves with a larger kernel FFT size, and simulation
results show that the BER performance improves with the FFT size where an optimal CP length exists
given the FFT size.

INDEX TERMS Serial link, discrete multitone, DMT, orthogonal frequency division multiplexing, OFDM,
wireline communications, wireline receiver.

I. INTRODUCTION

THE DEMANDS for ever-higher communication band-
width for data centers, cloud platforms, and com-

munication applications led the data rate increase of not
only wireless communication systems but also wireline
transceivers (TRX). While the compound annual growth rate
(CAGR) for global fixed broadband traffic between 2018 and
2023 is expected to be 20% [1], the data rate growths of
various wireline TRXs have been achieving about 2× every
four years. Meeting this trend, data rates of high-speed wire-
line transmitter (TX) and receiver (RX) have been increasing
from about 10Gb/s [2]–[4] to 112Gb/s [5]–[8] in the past
two decades.
While the dominating modulation scheme for serial links

with data rate up to 56Gb/s has been non-return-to-zero

(NRZ) [9]–[12], 4-level pulse-amplitude modulation (PAM-
4) started to be dominating from per-lane data rate of
56Gb/s to reduce the maximum channel loss that the sig-
nal experiences at Nyquist [13]–[17]. Despite the increased
circuit complexity and latency coming from the additionally
required forward error correction (FEC), recently demon-
strated 112Gb/s TRXs [6]–[8] employ PAM-4 due to its 2×
better bandwidth efficiency as compared to that of NRZ,
with an analog-to-digital converter (ADC)-based RX front-
end with heavy equalization on the digital signal processor
(DSP). However, if PAM-4 is employed for next-generation
224Gb/s links, at least 56GHz of analog bandwidth with a
Baudrate of 112GBaud will be required, which will be very
challenging not only for the analog front-end (AFE) design
but also for the RX DSP design due to the long feed-forward
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FIGURE 1. Power spectral density (PSD) envelope for randomly-generated PAM-2
(NRZ), PAM-4, and PAM-8 signal with ideal signal transition (i.e., without output
bandwidth limitation and jitter) for 224 Gb/s data rate.

FIGURE 2. Eye diagrams of PAM-2/4/8 with normalized vertical full swing level.
Peak-to-peak swings are illustrated in bold red lines and arrows in light blue color
indicate the level-to-level amplitude differences in each eye diagram.

equalizer (FFE) taps and tight decision feedback equalizer
(DFE) loop closure timing.
To shrink the occupied bandwidth and to reduce the

Baudrate of signal with its data rate > 200Gb/s, looking
for a pulse-amplitude modulation (PAM) with higher-order
such as 8-level PAM (PAM-8) seems to be a natural way.
As can be seen in Fig. 1, the Nyquist frequency (fNyq) of
224Gb/s PAM-8 stream is 37.3GHz while the fNyq of PAM-4
is 56GHz. Such 33.3% of bandwidth reduction relaxes the
design complexity of the AFE and the Nyquist sampling
ADC in terms of analog bandwidth and the operation speed
as compared to those with PAM-4. On the other hand, from
signal-to-noise ratio (SNR) perspective, PAM-8 is inherently
more sensitive to crosstalk, random jitter of the sampling
clock, and residual inter-symbol interference (ISI) on the
noise margin as compared to PAM-4, due to the reduced
PAM level-to-level distance given a fixed TX output dynamic
range, as depicted in Fig. 2. Also, with a faster data rate,
the DSP design complexity increases with a more extended
channel pulse response that has to be equalized by an FFE
with longer tap counts and with more stringent timing con-
straints for the loop closure of the DFE chain. Moreover,
the design complexity of a loop-unrolled DFE, FEC latency,
and complexity increase with the PAM order [18], making
it not straightforward to move from PAM-4 to PAM-8.
To achieve an improved bandwidth efficiency with a

relaxed RX complexity as compared to PAM-4, employing
orthogonal frequency division multiplexing (OFDM) modu-
lation to high-speed serial links has been studied. Prior-arts
such as [19], [20] showed that 56-112Gb/s optical data
communication is feasible with discrete multi-tone (DMT)
modulation (i.e., baseband OFDM with variable bit-loading

for each OFDM sub-channel), and [21] demonstrated a
56Gb/s RX data-path silicon for electrical links. System-
level modeling of a DMT serial link for > 100Gb/s appli-
cations is provided in [22], and [23] compared DMT link and
PAM-2/4/8 for ultra-high-speed links both with smooth chan-
nels and multi-drop-bus (MDB) interfaces. Timing recovery
system with adaptive equalization for wireline DMT links is
proposed in [24].
While energy- and area-efficient fast Fourier transform

(FFT) processor is the key enabler of high-performance
OFDM wireline RX data-path design, a thorough study on
the impacts of the design parameters of FFT processors on
the overall performance of OFDM-based high-speed serial
links is missing. This paper presents area estimation of
partially-serial FFT processors with a fixed compute through-
put specifically for high-speed wireline applications, taking
the required RX DSP clock frequency into account for the
area-power metric. The effects of applying the DMT mod-
ulation to ultra-high-speed serial links are described, and
the effects of different FFT tap size on the overall link
performance are analyzed with simulations.
The rest of this paper is organized as follows. Section II

briefly reviews the basics of the OFDM modulation and the
wireline OFDM TRX architecture, and Section III analyzes
the design complexity of the FFT processor with various
design choices for the wireline OFDM RX data-path. Design
considerations and optimization directions with a particular
emphasis on the relationship between the FFT size and the
link bit-error-rate (BER) performance for > 200Gb/s OFDM
TRX are presented in Section IV. Simulation results are
shown in Section V, and Section VI concludes the paper.

II. BACKGROUND
This Section provides the basics of the OFDM modulation
and the overall architecture of the TRX that realizes an
OFDM serial link.

A. OFDM BASICS
The principle of the OFDM is loading quadrature-amplitude
modulated (QAM) symbols to multiple separate sub-channels
in the frequency-domain. The left inset of Fig. 3 illustrates an
8-sub-channel OFDM where one 16-QAM symbol is loaded
to each sub-channel equally spaced in the frequency-domain.
By applying an 8-tap inverse discrete Fourier transform
(IDFT) to the eight QAM symbols in the frequency-domain,
the time-domain OFDM symbol can be computed, as illus-
trated in the right inset of Fig. 3. Note that the imaginary
(Q) samples are all-zero in wireline applications by making
the IDFT input Hermitian symmetry, while these samples are
typically non-zero in wireless communications. More details
on the signal generation will be shown later in this Section.
Given a total usable bandwidth, the number of OFDM

sub-channels defines the bandwidth of each sub-channel.
As illustrated in Fig. 4, a larger number of sub-channels
makes the sub-channel bandwidth narrower, and it lets each
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FIGURE 3. A 16-QAM (2 bits in I , 2 bits in Q) symbol allocation to orthogonal
sub-carriers with equal spacing in the frequency-domain (left inset), and the
time-domain complex OFDM symbol where its samples are computed by the IDFT
operation from the frequency-domain symbols (right inset).

FIGURE 4. An example channel profile and the OFDM PSD plots with two different
number of sub-channels (4 and 32).

sub-channel experiences more flat channel response for com-
municating over a lossy electrical link. In general, with
narrower sub-channels, the OFDM signal is less affected by
the channel delay spread, but increasing the number of sub-
channels requires trade-offs in real-world implementation,
which are discussed in later Sections.

B. CYCLIC PREFIX
A guard interval with samples between OFDM symbols,
called cyclic prefix (CP), is one of the most important
concepts in OFDM. Assume that there is a sequence of time-
domain OFDM symbols, where each symbol is indicated as
Symbolk in Fig. 5(a), where k ∈ {1, 2, 3}. The time-domain

FIGURE 5. A sequence of time-domain OFDM symbols without the CP (a) and with
the CP (b).

OFDM symbols will undergo a lossy channel with pre-and
post-cursors. Then on the RX side, the current symbol (e.g.,
Symbol2 in Fig. 5(a)) will be affected by the ISI coming
from the neighboring symbols (e.g., Symbol1 and Symbol3
in Fig. 5(a)); hence the current symbol will experience SNR
degradation.
To protect the OFDM symbol from ISI, a CP is inserted

between the symbols, and these guard samples are a copy of
a few last time-domain samples of the corresponding OFDM
symbol, as shown in Fig. 5(b). By doing so, the OFDM sym-
bol can be effectively protected from the ISI cursors caused
by neighboring symbols. Acting as a guard interval, the CP
also allows the sub-channels in an OFDM symbol orthogo-
nal one from another, making it possible to use single-tap
equalization for each sub-channel on the RX. More details
on the CP for OFDM-based communication systems can be
found in [25]. While the number of CP taps should be large
enough to cover important ISI cursors, a larger number of
CP taps does not guarantee better performance in high-speed
wireline applications, and this will be studied more in detail
in Section III.

C. OFDM TRX DATA-PATH
Fig. 6 shows the overall block diagram of the OFDM TRX
data-path for wireline serial link. On the TX-chain, the FEC-
encoded binary bitstream will be mapped to QAM symbols
in the frequency-domain, and the bit-loading and/or power-
loading (will be explained in Section IV) can be applied
depending on the link configuration and the application.
Then, the IDFT stage transforms the frequency-domain QAM
symbols to the time-domain OFDM symbols, and the CP is
inserted for the symbol protection from the ISI. The CP-
inserted OFDM symbols will be serialized and transmitted
toward the channel by a digital-to-analog converter (DAC).
On the RX-chain, the reverse operations of the TX-chain are
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FIGURE 6. A simplified block diagram of the OFDM TRX data-path for a wireline serial link.

FIGURE 7. The symbol allocation to IDFT input bins in the frequency-domain with
Hermitian symmetry to make sure that the IDFT output is purely real-valued (upper
inset), and the CP insertion in the time-domain (bottom inset).

performed overall, except for the frequency-domain equal-
ization (FDE). As the QAM symbols delivered by different
sub-channels experience different amplitude attenuation and
angular rotation in the frequency-domain I/Q-plane, those
received QAM symbols are rotated-back and amplified with
proper complex-valued coefficients individually at each sub-
channel data-path. This way of equalization is one of the
main reasons why the OFDM is attractive for ultra-high-
speed wireline serial links: the equalization can be performed
by a single complex multiplication per sub-channel in DSP,
substantially simplifying the equalization as compared to the
time-domain PAM equalization.
Fig. 7 shows the QAM symbol allocation and the time-

domain OFDM symbol generation on the TX DSP. Each
arbitrary QAM symbol is allocated to the first half of the
IDFT input bins, and the rest half of the bits are filled by
the complex conjugate symmetry of the first half. This is
to guarantee that the IDFT output is purely real-valued by
having Hermitian symmetry at the input of the IDFT.

FIGURE 8. The effects of channel on the QAM symbols in OFDM sub-channels (a),
the ISI-affected CPs in the time-domain (b), the CP-removal with proper symbol
selection (c), and the RX data-path processing with CP-removed samples where DFT
outputs corresponding to gray-texted indices are redundant (d).

And each set of the IDFT output will be the data portion
of the time-domain OFDM symbol, and the CP is inserted
for protecting the OFDM data from the ISI.
On the RX data-path, the QAM symbols require equaliza-

tion in the frequency-domain due to the frequency-selective
loss and angular rotation caused by the channel, as shown in
Fig. 8(a). The CP is affected by the ISI of the neighboring
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FIGURE 9. Measured frequency responses of point-to-point channels [28].

FIGURE 10. The transmit sequence blocks of an OFDM system (a), the transmitted
and the received sequences in the time-domain for synchronization (b), and the
correlation of y(n) and sLss (c) with the standard correlation expressed in (1) (upper
inset) and with the computation-efficient method expressed in (2) (bottom inset).

symbols (Fig. 8(b)). The ISI-affected CPs are eliminated
by simply ignoring these samples on the RX data-path
(Fig. 8(c)), and the data symbols are sent to the DFT proces-
sor for the time-to-frequency-domain transform. Note that in
Fig. 8(d), the upper half of the DFT output bins contain the
same information as the bottom half of the DFT output since
the TX IDFT input is Hermitian symmetry. Hence, only half
of the DFT output should be connected to the FDE, reducing
the complexity of the DFT processor.

D. TX-RX SAMPLE-WISE SYNCHRONIZATION
The TX-RX sample-wise synchronization is necessary for
proper CP removal. For that, after the link power-up, a known
synchronization sequence ssLss of length Lss is transmitted
through a channel as shown in Fig. 10(a), where Empty
block, PILOT and DATA symbols are idle sequence, known
symbols for channel estimation (CHEST), and data symbols,
respectively. The RX continuously computes the correlation
of the signal y(n) coming for the channel (e.g., with CH3
of Fig. 9 for the simulation shown in Fig. 10(b)) with the
ssLss to find the peak of the correlation which will return
the synchronization position.
However, computing the correlation of two vectors

expressed in (1) in real-time requires excessive DSP
resources hence a sign-based correlation expressed in (2)
can be a more efficient approach still enabling the TX-RX

FIGURE 11. Block diagram of an example radix-2 fully-parallel 256-tap FFT
processor based on 64-tap FFT kernels.

sample-wise synchronization.

z(n) =
Lss−1∑

k=0

ssLss(k) · y(n+ k) (1)

z(n) =
Lss−1∑

k=0

sign(ssLss(k)) · sign(y(n+ k)) (2)

While the correlation quality of (2) is worse than (1) as
shown in Fig. 10(c), the detection reliability of (2) is robust
with sufficiently large Lss (e.g., ≥ 64) for wireline channels
exhibiting ≥ 23 dB attenuation at 40GHz.

III. FFT PROCESSOR ARCHITECTURE FOR WIRELINE
OFDM AND ITS DESIGN COMPLEXITY
Among various building blocks of the OFDM RX data-path,
the DFT processor and the FDE occupy the majority por-
tion of the area and the power consumption. This section
investigates the approximate area and the area-power product
metrics of the DFT and the FDE. For area-efficient imple-
mentation, the FFT algorithm is widely used in DFT imple-
mentation. A parallel N-tap FFT, with N ∈ {4, 8, 16, 32, . . .},
can be realized based on multiple smaller K-tap FFT ker-
nels with a regular radix-based structure. An example of a
fully-parallel 256-tap FFT implementation with real-valued
inputs based on four 64-tap kernel FFTs (KFFT) is shown
in Fig. 11, where the 640, 641, 642, 643 are four identical
64-tap KFFTs, green blocks are the first-stage twiddle fac-
tor multiplier array for twiddle coefficients e−jωk/128 with
k ∈ {0, 1, . . . , 32}, and the orange block is the second-
stage twiddle factor multiplier array for twiddle coefficients
e−jωk/256 with k ∈ {0, 1, . . . , 64}.
The FFT can be designed to operate in partially-serial

for area saving at the cost of higher DSP clock (CKDSP)
frequency as compared to a fully-parallel architecture given
the same target throughput. As shown in Fig. 12, with a
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FIGURE 12. The partially-serial pipelined processing flow of a 256-tap FFT based on
a 64-tap KFFT.

pipelined architecture, a single 64-tap KFFT can be shared
as well as the first-stage and the second-stage twiddle factor
multiplier arrays. For a partially-serial operation, a buffer
memory should be present at the output of each sub-FFT
stage to temporarily store the sub-FFT outputs produced dur-
ing the pipelined process, as noted at the bottom in Fig. 11.
The partially-serial pipelined architecture shown in Fig. 12
can be extended to larger N, such as N = 512 or N = 1024.

For estimating the complexity of the FFT block in OFDM-
based serial link applications, the CKDSP at which the FFT
runs has to be taken into account. It is worth noting that the
half of the FFT output is redundant due to the Hermitian
symmetry and is not used by the FDE. The Hermitian sym-
metry allows the FFT processor to be designed with half the
number of arithmetic resources compared to the full FFT
that receives complex input values [26]. In addition, some
adders/subtractors and pipeline registers related to the unused
output bins will be eliminated during the synthesis process,
even if these bins are present in the block diagram, such as
in Fig. 8(d). The number of complex multipliers MNFFT in
a partially-serial FFT can be written as

MNFFT = MKFFT + K
2 + K

4

(
log2

N
K − 1

)
, (3)

where MKFFT is the number of complex multipliers in a
KFFT, K is the number of taps of the KFFT, and N = 2l ·K
with l ∈ Z

+ and l ≥ 2. While the twiddle factor multipliers
arrays except for the first-stage array are with non-constant
complex multipliers, the KFFT block and the first-stage twid-
dle factor multipliers array are with constant multipliers, i.e.,
multipliers of which one input is a fixed coefficient at design-
time. It is worth noting that the circuit area of a constant
multiplier is half of a non-constant multiplier given the same
bit-width.
Taking this into account, the number of multiplier cells

required to implement a partially-serial N-tap FFT is plotted
in Fig. 13 for three different KFFT tap sizes. In Fig. 13, the
CKDSP in each sub-figure is the required DSP clocking rate
for achieving the FFT throughput for 224Gb/s data rate, with
all 64-QAM sub-channels, and 8 for the number of cyclic
prefix (NCP) taps. The blue lines show the sum of the num-
ber of non-constant complex multipliers in the twiddle factor
multipliers arrays (>second-stage). The black lines indicate
the sum of the number of constant multipliers in the KFFT

FIGURE 13. The number of multiplier cells in a partially-serial N-tap FFT with a
32-tap KFFT (a), a 64-tap KFFT (b), and with a 128-tap KFFT (c).

block and the first-stage twiddle factor multipliers array. The
red lines show the equivalent number of real multipliers with
the assumption that each complex multiplier includes three
real multipliers and a constant multiplier has half the size of
a non-constant multiplier. The light blue lines in Fig. 13(b)
and Fig. 13(c) show the equivalent number of real multipliers
normalized to the CKDSP of Fig. 13(a), which indicate the
power consumption metric of the N-tap FFT block. The num-
ber of required multipliers increases in a logarithmic way as
a function of NFFT given a fixed target throughput in terms
of the number of input/output samples. And from the light
blue lines in Fig. 13, it can be seen that larger KFFT helps
in decreasing the area-frequency product metric. Moreover,
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FIGURE 14. DMT modulation with bit-loading for adjustment to different channel
SNR profiles (CH1 and CH2) in a DSL downstream example.

with a larger KFFT, the DSP can operate at a lower clock
rate; hence low-power standard cells with a smaller area can
be used for the silicon implementation, which is not reflected
in the graphs in Fig. 13. And as the FDE in a single-lane
RX data-path consists of K

2 non-constant multipliers regard-
less of the NFFT tap sizes assuming that the FDE runs
at the same clock rate CKDSP as the FFT core, the only
parameter that affects the power consumption of the FDE is
the CKDSP. In actual design, by allowing more parallelism
(larger area) with lower clock frequency, lower-power stan-
dard cells can be used with lower VDD since the cells can
have a longer propagation delay. Hence, lowering the clock
frequency of the FDE helps in reducing the FDE’s dynamic
power consumption at the cost of increased area.
In short, the area and the power consumption of a partially-

serial FFT processor increase in a logarithmic way as a
function of NFFT. And for a given NFFT, the power con-
sumption of FFT decreases with a larger KFFT. Under the
assumption that the FDE runs at the same clock rate as the
FFT, its power consumption also decreases with a larger
sized KFFT.

IV. DESIGN CONSIDERATIONS FOR > 200 GB/S OFDM
TRX DATA-PATH
A. BIT-LOADING VS HOMOGENEOUS QAM
An attractive property of OFDM is its ability to adapt to the
SNR profile of the channel by adjusting the modulation order
of QAM symbols and constellation amplitude loaded to each
sub-channel. The OFDM with such an adaptation scheme
is called discrete multitone (DMT). Bit-loading examples
with DMT modulation for two different channels for digital
subscriber line (DSL) applications are shown in Fig. 14,
where the frequency responses of the channels exhibit largely
different SNR profiles within a limited frequency band. With
the DMT, communication with a reliable overall BER can
be achieved by allocating proper number of bits to each
sub-channel depending on the sub-channel SNR.
In ultra-high-speed wireline applications where the vari-

able data rate is not acceptable, bit-loading should be applied
under the constraint that the overall bandwidth efficiency is

FIGURE 15. DMT bit-loading for two different channels with the same total data rate.
The TRX with CH2 (b) should run at a faster frequency with a larger analog bandwidth
than with CH1 (a).

unchanged within a fixed frequency bandwidth as the chan-
nel condition varies. As shown in Fig. 15 where the data
rates are the same in both Fig. 15(a) and Fig. 15(b), with
a fixed data rate, a variable frequency bandwidth and sam-
pling rate, the sub-channels at higher frequency band will
exhibit relatively low spectral efficiency (compare Fig. 15(a)
and Fig. 15(b)), resulting in the degradation of the average
bandwidth efficiency.
Eventually, the gain of moving from PAM-4 to OFDM

may be questionable if the spectral efficiency of the DMT
gets close to that of PAM-4. In addition, if the occupied band-
width and the corresponding sampling rate vary depending
on the channel condition, the entire TRX system including
the AFE, data converters, and the DSP, should support a wide
range of tuning and an arbitrary clock frequency. As shown
in Fig. 15(b), when there are some sub-channels with a low
number of bits per Hz (orange bars), these sub-channels will
contribute to the increase of the spectral bandwidth, and a
faster sampling rate (Fs2) as compared to Fs1 of Fig. 15(a)
will be needed accordingly. Then, all the related circuits
will be operating at a higher frequency with higher VDD
increasing the power consumption, and the DSP should be
designed with higher-performance cells, which are not the
best for a low-power design.
Thus, for ultra high-speed wireline applications with a

fixed data rate, bit-loading for different channel profiles
should be applied in such a way that the average bits/Hz does
not change with the channel condition. For example, if less
bits should be allocated to some low-SNR sub-channels com-
pared to the reference bit-loading setting, more bits should
be loaded to other sub-channels by the same amount together
with a proper power loading as well. While simultaneous bit
and power loading under the fixed-bandwidth constraint is
likely to result in a better overall BER performance of the
link, this work considers only power loading to simplify the
problem while still allowing the adjustment of the signal to
the channel profile. However, it is worth noting that although
power loading can adjust the TX signal to point-to-point
interfaces which have relatively smooth frequency response,
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FIGURE 16. The illustration of sub-channel PSD at the TX output (a) and at the RX
input (b) with a homogeneous QAM order and with the identical power for all
sub-channels.

applying only power loading to communicate over a channel
having significant notches in its frequency response (e.g.,
with multi-drop bus) would limit the advantages of using
OFDM.
While moving to a higher-order QAM requires a tighter

SNR margin, packing the data into a narrower spectral band-
width brings several advantages, not limited to the improved
bandwidth efficiency coming from the QAM-order itself.
As the Baudrate reduces with the bandwidth reduction, the
number of important ISI cursors of the time-domain pulse
response will be reduced as well. Therefore, the required
number of CP taps will be reduced, and this is translated
into a reduced bandwidth overhead from the CP. Also, the
relaxed data converters’ sampling rate helps in increasing
the overall SNR as the signal-to-noise and distortion ratio
(SNDR) performance of ADC tends to be degraded with a
faster sampling rate [27]. In addition, the power consumption
of digital-intensive successive approximation register (SAR)
ADCs and the modem DSPs will be reduced as well, where
the power consumption tends to be increased exponentially
with the operating frequency due to the requirement of higher
supply voltages [21], [27]. However, it should be noted that
packing the data into a narrower spectral bandwidth may
not be always possible since it requires a larger FFT size,
especially if the DSP is area-constrained.

B. POWER LOADING
Fig. 16(a) illustrates the PSD of the OFDM signal at the
TX-side, with a homogeneous QAM order for every sub-
channel having the same amount of power allocated to each

FIGURE 17. The extracted TX/RX PSD of the 1st and the 63rd OFDM sub-channels
with identical transmitted sub-channel power and the time-domain DAC output signal
(a), the received time-domain signal of the 63rd sub-channel contents superimposed
on top of the 1st sub-channel signal (b), and the constellation diagrams of the
equalized QAM symbols on the RX at the 1st, the 63rd, and the 127th sub-channels (c).

sub-channel. At the output of the TX DAC, the average
PSD over the entire bandwidth will be flat with the same
quantization SNR (QSNR) for every sub-channel, ignoring
the sync roll-off effect at the output of the DAC. And on
the RX-side, as shown in Fig. 16(b), the amplitude of low-
frequency sub-channels are more or less preserved while
the high-frequency contents are significantly attenuated due
to the channel loss, resulting in an amplitude imbalance
between the low- and the high-frequency contents. Therefore,
the QSNR after the ADC will vary considerably depending
on the sub-channel, and the BER of the high-frequency sub-
channels will dominate the overall BER.
Fig. 17(a) shows an example of sending a 64-QAM OFDM

with 127 sub-channels (256-tap FFT) without any power
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FIGURE 18. The extracted TX/RX PSD of the 1st and the 63rd OFDM sub-channels
with channel-inverting power loading and the time-domain DAC output signal (a), and
the constellation diagrams of the equalized QAM symbols on the RX at the 1st, the
63rd, and the 127th sub-channels (b).

loading on the TX-side. By extracting the spectral contents
of the 1st and the 63rd sub-channels from the OFDM sig-
nal, it can be seen that the power of these two sub-channels
are equal on the TX-side, while the high-frequency contents
are attenuated by more than 10 dB on the RX-side. In the
time-domain, at the DAC output, it can be seen that the
amplitude of the low- and the high-frequency sinusoid basis
are almost equal (right inset of Fig. 17(a)), but on the RX-
side, it can be observed from Fig. 17(b) that the amplitude of
the high-frequency basis is significantly more attenuated as
compared to that of the low-frequency basis. And such ampli-
tude attenuation translates into a QSNR degradation after the
analog-to-digital conversion, where the resulting constella-
tion diagrams are shown in Fig. 17(c) clearly showing the
effects of the QSNR imbalance.
Fig. 18(a) shows the PSD of the 1st and the 63rd sub-

channels extracted from the TX and the RX OFDM signal,
with a complete inversion of the channel by the TX power
loading. From the right inset of Fig. 18(a), it can be seen that
the amplitude of the high-frequency component (63rd sub-
channel basis) is much larger than that of the low-frequency
component (the 1st sub-channel basis) at DAC output. While
the 1st and the 63rd sub-channel power are similar on the RX-
side, the QSNR penalty of the 1st sub-channel as compared to
the 63rd sub-channel at the TX-side results in the imbalanced
SNR over the sub-channels as can be seen from constella-
tion diagrams shown in Fig. 18(b). Hence, a balanced power
loading that allows all sub-channels to experience the equiv-
alent QSNR degradation by the TX power-loading and the
channel attenuation has to be applied in a QSNR-limited
OFDM system, as illustrated in Fig. 19. It is worth noting
that while this work considers consistent SNDR of DAC and

FIGURE 19. A balanced power loading for a QSNR-limited OFDM system.

FIGURE 20. The time-domain OFDM samples with data symbols and with CPs of
which number of taps is large enough to cover important ISI cursors.

ADC over the entire frequency bandwidth, in actual OFDM-
based high-speed SerDes, the SNDR of DAC and ADC are
frequency-dependent and the TX power loading should take
this into account as well.

C. FFT SIZE, NUMBER OF CP TAPS, AND BER
In the time-domain OFDM signal, there are samples for
data symbols (DATA in Fig. 20) that convey the actual
information, and there are also CP samples that do not carry
any data but just protect the data symbols from ISI. Given the
Baudrate of the signal, NCP should be large enough to cover
important ISI cursors of the pulse response, and the number
of samples in each data symbol is the same as NFFT, as
shown in Fig. 20. The bandwidth of the total OFDM signal
is expanded due to the overhead caused by the presence of
the CP, and the overhead in percentage can be expressed as

OCP = 100×NCP
NFFT (4)

where OCP is the bandwidth overhead coming from the CP.
Given the NCP determined by a pulse response, the OCP
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FIGURE 21. The OFDM sub-channel configurations for the same data rate with a
wide sub-channel spacing (a), a narrower sub-channel spacing with more number of
sub-channels (b), and the time-domain view with each configuration (c).

reduces as NFFT increases. Moreover, the residual ISI cur-
sors not covered by the CP will have a reduced effect on
the SNR degradation since the portion of the OFDM symbol
energy will be increased over the residual ISI energy as

Esymbol,b

Eres,ISI
>

Esymbol,a
Eres,ISI

(5)

where Esymbol,a and Esymbol,b are the average OFDM data
symbol energy with the OFDM sub-channel configurations
shown in Fig. 21(a) and Fig. 21(b), respectively, and Eres,ISI
is the energy of the residual ISI cursors. The time-domain
view of the CPs and the data symbols corresponding to
the OFDM sub-channel configurations in Fig. 21(a) and
Fig. 21(b) is shown in Fig. 21(c).
A larger NFFT does not only reduce the denominator

of (4) but also reduces the required NCP, further reducing
the bandwidth overhead caused by the presence of the CP. An
example illustrating the OCP difference is shown in Fig. 22.
Given a pulse response that requires NCP = 4 with NFFT =
16 for a fixed target data rate, OCP = 25 % as illustrated
in Fig. 22(a) where T16 is the duration required to send the
data in an OFDM symbol including the CP. By doubling the
NFFT (Fig. 22(b)), the OCP is cut by half, and T32 < 2×T16
meaning that the duration to send the same amount of data
with the case of NFFT = 16 is shorter when NFFT = 32.
For communicating at a fixed target data rate, the sample
width in the time-domain can be adjusted such that T ′

32 = 2×
T16, resulting in a reduced Baudrate. The reduced Baudrate
mitigates the ISI, and the NCP can be lowered as shown in
Fig. 22(c), and the lowered NCP further reduces the OCP.

Fig. 23(a) shows the OFDM signal bandwidth including
the CP samples versus the FFT tap count, where the nec-
essary CP length is obtained based on the ratio between
the sum of the residual ISI cursors not covered by the
CP and the main-cursor amplitude of the channel Baudrate

pulse response. The NCP corresponding to each NFFT is
determined to satisfy

∑
ISIRes
A

< Cthres (6)

where A is the main-cursor amplitude at Baudrate with a
specific NFFT, and Cthres = 0.25 satisfies the BER require-
ment (BER< 10−5) for any FFT size with NFFT ≥ 64 given
the modeling environment in this work. Fig. 23(b) shows the
NCP obtained based on (6) versus NFFT, and the correspond-
ing overhead for communicating at 224Gb/s over channel 3
shown in Fig. 9.

V. SIMULATION RESULTS
This Section provides simulation results that characterize the
BER performance of an OFDM serial link as a function of
NFFT, NCP, the DAC/ADC clipping ratio, and the DAC/ADC
ENOB. With the time-domain simulation, a random binary
stream of 48×106 bits is modulated to 64-QAM symbols, the
data rate is fixed to 224Gb/s, 7-bit resolution is considered
for the DAC and the ADC, root-mean-square (RMS) random
jitter (RjRMS) of 1 % unit interval (UI) is applied to data
conversions, and a random noise RMS amplitude of 1.8mV
on the AFE is considered.
Simulation results shown in Fig. 24 are obtained by setting

the DAC and the ADC clipping ratios to Rclip,DAC = 3.41
and Rclip,ADC = 3.73, respectively. The clipping ratios are
defined as Rclip,DAC = βDAC/ARMS,DAC and Rclip,ADC =
βADC/ARMS,ADC for DAC and ADC, respectively, where
βDAC and βADC are saturation thresholds in absolute value
on the DAC and the ADC, respectively, ARMS,DAC and
ARMS,ADC are the root-mean-square values of the time-
domain OFDM signal on the DAC output and on the ADC
input, respectively. For DAC, saturation threshold is defined
as the DAC analog differential output amplitude correspond-
ing to the maximum DAC input digital code (in magnitude,
signed number). And for the ADC, it is defined as the
ADC input differential amplitude that converts to the max-
imum ADC digital code (in signed amplitude, centered at
common-mode). It should be noted that over-clipping will
cause excessive nonlinear distortion although it allows the
overall signal power to be increased. On the other hand,
under-clipping will make the overall SNR low despite the
lowered clipping-induced nonlinear distortion. Hence, find-
ing optimal clipping ratios both for the DAC and ADC
that maximize the benefit coming from the overall SNR
increase versus the penalty coming from the clipping-induced
nonlinear distortion is important.
The CH3 shown in Fig. 9 is used as the channel for the

following set of simulations. It can be seen from Fig. 24
that the BER performance improves with larger FFTs, and
there is an optimal NCP for each FFT size. From Fig. 24,
it can be observed that the major ISI cursors should be
covered by the CP, and a long CP can make the overall
SNR even worse due to the increased signal bandwidth which
makes the OFDM signal experience more severe channel loss
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FIGURE 22. Illustration of the time-domain OFDM samples with NFFT = 16 and NCP = 4 (a), with NFFT = 32 and NCP = 4 (b), and with NFFT = 32 and NCP = 3 (c) with the
reduced Baudrate. The data rates are equal in (a) and in (c), and is the highest in (b).

FIGURE 23. The OFDM signal bandwidth for different NFFT including the CP
samples at 224 Gb/s data rate (a), and the required CP samples to meet the maximum
BER target and the corresponding CP overhead in percentage (b).

on average. With a 128-tap KFFT, the BER performance
improves by more than an order of magnitude as NFFT
enlarges from 256 to 1024, at the cost of 66% increased
FFT arithmetic resources. Considering the overall RX DSP
area where the FDE requires 3 × K/2 multipliers, the area
overhead reduces to 40%. Furthermore, larger NFFT relaxes
the Baudrate of the system (explained in Fig. 22), reducing
the power consumption of the data converters.
Fig. 25 shows the BER simulation results performed by

sweeping the DAC and the ADC clipping ratios for different
NFFT settings, but with a fixed NCP = 8 for CH3. It can

FIGURE 24. BER simulations as a function of NCP for NFFT ∈ {256, 512, 1024}.

FIGURE 25. BER simulations as a function of the pair of the clipping ratios at the
DAC and the ADC ({Rclip,DAC, Rclip,ADC}), where Rclip,DAC ∈ [2.97, 4.70] and
Rclip,ADC ∈ [3.33, 5.40]. The Rclip,DAC and Rclip,ADC ranges are divided into 11
and 12 points, respectively.

be observed from Fig. 25 that the overall tendency that
the higher FFT size results in better BER performance is
maintained, but the best DAC and the ADC clipping ratio
pair varies depending on the FFT size.
The BER simulation results by sweeping the effective

number of bits (ENOB) of data converters are shown in
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FIGURE 26. BER simulations as a function of DAC and ADC effective number of bits
(ENOB) for NFFT ∈ {256, 512, 1024} with CH2 (a) and CH3 (b) of which profiles are
shown in Fig. 9.

Fig. 26, with a fixed NCP = 8 and with fixed clipping ratios
Rclip,DAC = 3.41 and Rclip,ADC = 3.73 for all NFFT settings.
The CH2 is less attenuative than CH3 (Fig. 9), and thus the
overall SNR of the OFDM signal on the RX with CH2
is higher than with CH3 within the same bandwidth. With
CH2, Fig. 26(a) shows that the link performance is limited
by quantization noise for any simulated DAC/ADC ENOB
when NFFT = 1024. With NFFT ∈ {256, 512}, it can be
observed that the BER saturates as the DAC/ADC ENOB
improves, meaning that the link performance is limited by
random noise. Noting that a large FFT size helps in reducing
the overall occupied bandwidth of the OFDM signal thanks
to the reduced CP overhead, it can be understood that the
larger NFFT is, the narrower the occupied bandwidth is,
then the lower the maximum and the average signal power
loss is, and hence the higher the overall SNR of the OFDM
signal is. From Fig. 26(b), the same tendency as in Fig. 26(a)
can be observed with worse BER performances due to the
reduced overall SNR within the same frequency bandwidth.

VI. CONCLUSION
The overall architecture of an OFDM wireline TRX is
explained together with the data flow from the TX to the
RX through electrical channels. The design of a partially-
serial FFT architecture is presented, and the impacts of FFT
design choices on the overall link performance are analyzed.
Given a fixed compute throughput requirement, it is shown
that the FFT area increases only logarithmically with the

number of taps, and a larger size of kernel FFT helps in
reducing the power consumption of the FFT processor for a
fixed total number of FFT taps. Increasing the FFT tap counts
reduces the required number of CP samples for communicat-
ing at the same target data rate, further relaxing the required
Baudrate of the system. System-level modeling results show
that the BER improves by more than an order of magni-
tude by increasing the FFT tap counts from 256 to 1024,
at the cost of 66% of overhead in terms of the number of
multipliers in the FFT. Taking the AFE and the DAC/ADC
power and area into consideration, the BER improvement of
more than a magnitude at the cost of 66% increase in the
FFT area is a reasonable trade-off.
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