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Abstract—Unique-word orthogonal frequency division multi-
plexing (UW-OFDM) addresses the spectral inefficiency of cyclic
prefix (CP) OFDM by embedding the guard interval within the
symbol period. However, its practical adoption is hindered by a
prohibitive computational bottleneck. Conventional methods for
embedding unique word within the DFT window rely on complex
matrix inversions at the transmitter (Tx). While alternative
zero-padded (ZP) schemes avoid this complexity, they place
guard interval outside DFT window, breaking natural circularity
and necessitating noise-enhancing Overlap-Add receiver (Rx).
This letter proposes a scalable, closed-form isometric Spectral
Precoding architecture that resolves this trade-off. By exploiting
frequency-domain interpolation, we implicitly construct the re-
quired near-zero-energy tail within the DFT window using only
deterministic linear transformations. We prove this construction
reduces Tx complexity to log-linear order while preserving
standard single-tap equalization without Rx noise enhancement.
Validated with 5G-NR numerologies, the scheme matches CP-
OFDM error performance while eliminating CP overhead.

Index Terms—Orthogonal Frequency Division Multiplexing
(OFDM), 5G-NR, 6G, Unique-word OFDM, Cyclic Prefix (CP)

I. INTRODUCTION

Multi-carrier modulation schemes, especially orthogonal
frequency division multiplexing (OFDM), play a pivotal role
in modern wireless communications. The effectiveness of
OFDM in mitigating frequency-selective channels has led to its
widespread adoption across contemporary wireless networks
[1, 2]. Recent comprehensive surveys indicate that this dom-
inance will extend into the sixth-generation (6G) era, where
OFDM is projected to serve as the underlying physical layer
framework even as new modulation schemes are introduced
[3, 4]. Despite its success, traditional OFDM relies on a guard
interval to mitigate inter-symbol interference (ISI). The most
common variant, cyclic-prefix OFDM (CP-OFDM), as shown
in Fig. 1, appends a copy of the signal tail to the beginning of
the symbol. This simplifies Rx design by transforming linear
convolution into circular convolution, facilitating single-tap
equalization. However, the CP represents a significant spectral
inefficiency, as it consumes time resources with redundant
symbols that do not convey useful information.

To address this, deterministic guard interval schemes have
been proposed, but they historically force a trade-off between
Tx and Rx complexity. A common alternative is zero-padded
(ZP) OFDM or known-sequence (KS) OFDM [5]. These
methods append a guard interval outside the DFT window.
While computationally cheap to transmit, this external padding
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Fig. 1: Time-domain transmit data structures for (a) CP-
OFDM, (b) KS-OFDM and (c) UW-OFDM.

does not form a circular convolution with the channel. Con-
sequently, the Rx must employ overlap-and-add (OLA) pro-
cessing which degrades signal-to-interference-plus-noise ratio
(SINR) by folding tail noise back into the symbol or complex
iterative equalizers to restore orthogonality [5]. This increased
Rx complexity and noise penalty prevents ZP-OFDM from
replacing CP-OFDM in standard-compliant systems.

Unique-word OFDM (UW-OFDM) resolves this by em-
bedding the deterministic sequence within the effective DFT
interval (typically at the tail) [6–8]. Because the tail is an
intrinsic part of the core OFDM symbol, it acts as a natural
cyclic extension for the subsequent symbol. This preserves the
simple single-tap frequency domain equalization (FDE) of CP-
OFDM without the noise enhancement of OLA Rxs. Further-
more, the presence of deterministic UWs enables secondary
applications such as synchronization and channel estimation
[9, 10]. Recent works have further demonstrated the versatility
of UW-OFDM, extending its application to space-time block
coding (STBC) [11], and bistatic integrated sensing and com-
munication (ISAC) systems [12], while maintaining superior
error-rate performance over CP-OFDM [13, 14].

Despite these advantages, practical UW-OFDM implemen-
tation faces a critical computational bottleneck at the Tx. Exist-
ing schemes are generally categorized as systematic and non-
systematic. In systematic designs, redundant subcarriers are
utilized to force a near-zero-energy guard tail [15]. However,
these designs suffer from excessive power overhead on the
redundant carriers (often exceeding 30 dB), which is infeasible
for practical systems [16]. Conversely, non-systematic designs
distribute redundancy across the entire spectrum, offering
superior power efficiency [8, 13]. However, these typically re-
quire complex generator matrices derived via iterative solvers
or matrix inversions, making them computationally intensive
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Fig. 2: Baseband Tx/Rx model of the proposed UW-OFDM system. Spectral Precoding expands Nd logical subcarriers to N
physical ones (expansion factor α = N/Nd), followed by phase rotation. This creates a time-domain near-zero-energy zone of
length Nr = (α − 1)Nd at the symbol tail. (Configuration: 5G-NR numerology with N = 2048 and Nd = 1914, see Table II.)

and ill-suited for large-subcarrier systems.
To bridge this gap, this letter proposes a low-complexity,

non-systematic UW-OFDM framework utilizing optimization-
free sequence construction. Specifically, we introduce a DFT-
based spectral precoder that employs frequency-domain inter-
polation to map data symbols onto an expanded set of physical
subcarriers. This interpolated sequence then undergoes a de-
terministic phase rotation to implicitly construct a near-zero-
energy guard interval at the symbol tail, entirely avoiding
computationally expensive iterative solvers or matrix inver-
sions. Analytically, we demonstrate via matrix formulation
that this closed-form design accommodates arbitrary subcarrier
configurations while maintaining the log-linear computational
complexity order of standard OFDM. Finally, the framework’s
scalability and adaptability are validated via Monte Carlo sim-
ulations using 3GPP-defined 5G-NR numerologies, confirming
Bit Error Rate (BER) parity with conventional CP-OFDM.

II. UW-OFDM: A PRIMER

We consider an N -subcarrier UW-OFDM system where Nd

subcarriers carry data and the remaining Nr = (N − Nd)
subcarriers carry redundancy [7]. Let s ∈ CNd denote the
vector of information symbols, where the entries of s are
drawn from a quadrature amplitude modulation (QAM) con-
stellation. In a general framework, s is linearly transformed by
a code generator matrix G ∈ CN×Nd and mapped to physical
resource channels via a mapping matrix B ∈ {0,1}N×N . The
resulting frequency-domain sequence undergoes an inverse
DFT (IDFT) operation, producing a time-domain waveform
explicitly constructed to possess a near-zero-energy interval at
the tail. This relationship can be expressed in matrix form as

x = [xT
d ,0

T
Nr
]T = FH

N BGs, (1)

where x represents the time-domain UW-OFDM symbol (prior
to UW insertion), consisting of the data portion xd of length
Nd and a near-zero-energy guard interval 0Nr of length Nr.
Here, FN represents the N -point unitary DFT matrix and (⋅)H
is the Hermitian transpose. Subsequently, the deterministic
UW xuw is added to the guard interval, yielding the final
transmit symbol x̃ = [xT

d ,x
T
uw]T . Hence, the primary design

objective is to construct G such that the null-space constraint
in (1) is strictly satisfied, ensuring interference-free insertion
of UW. Broadly, construction of G falls into two paradigms,
each presenting distinct trade-offs, as given in the following.

1) Systematic Designs: In this, generator matrix is designed
as G = [IT

Nd
,GT

r ]T , where Gr is the redundancy submatrix
of the transformation matrix. While the identity component

INd
preserves the original data symbols and simplifies Rx

processing, it forces the redundant subcarriers to absorb the
entire cancellation energy. This results in severe power spikes,
with overhead often exceeding 30 dB in large systems [15, 16].
Consequently, systematic designs face a critical challenge of
excess power, reducing Tx’s overall energy efficiency.

2) Non-Systematic Designs: These designs distribute re-
dundant information throughout the spectrum, allowing better
power uniformity and frequency diversity [13]. However,
deriving such matrices typically requires solving complex nu-
merical optimization problems to satisfy the constraint in (1).
Although optimization yields spectral benefits, computational
complexity scales poorly with N , making them prohibitive for
modern high-bandwidth standards like 5G and beyond [17].

III. PROPOSED UW-OFDM DESIGN

We propose a low-complexity, non-systematic UW-OFDM
framework designed explicitly for scalability in large-
subcarrier systems. Unlike preceding methods that rely on
complex numerical optimization to obtain the generator ma-
trix, our approach employs a deterministic, closed-form design
that significantly reduces implementation complexity. The
transceiver architecture is shown in Fig. 2 1. The input binary
stream, bi, is encoded and QAM-modulated to form data sym-
bol vector s ∈ CNd , corresponding to Nd orthogonal logical
channels. Subsequently, spectral precoding block generates
the interpolated vector sint ∈ CN , which represents spectrally
interpolated version of s with an expansion factor of α = N

Nd
.

This spectral interpolation strategy, which effectively uti-
lizes frequency-domain zero-padding to expand the signal di-
mension, is designed to implicitly generate a near-zero-energy
zone in the time domain. Unlike rigid code-based designs,
this approach is inherently flexible for arbitrary (Nd,Nr)
configurations. Subsequently, the Phase-Rotation block applies
a deterministic phase shift to each element of the interpolated
vector sint. Specifically, the k-th subcarrier is rotated by a
factor of e−j

2πkl
N , where l denotes the required cyclic shift in

time-domain samples. This linear phase transformation results
in a cyclic shift of the time-domain signal, aligning the implicit
null-zone with the symbol tail. The resulting precoded vector,
denoted as s̃, is transformed to the time domain using a N -
point IDFT. Finally, the UW Addition block superimposes a

1The proposed design strictly complies with 3GPP 5G-NR specifications
for high-numerology operation, using a subcarrier spacing (SCS) of 240 kHz,
N = 2048 physical subcarriers and Nd = 1914 logical subcarriers. It reflects
the standard configuration defined for FR2 operation and ensures consistency
with standardized CP-OFDM processing. See Section IV and Table II.



deterministic UW sequence onto the last Nr samples of the
time-domain signal, filling the reserved guard interval.

A. Tx Processing: Spectral Precoding & Phase Rotation

The core novelty of the proposed scheme lies in the DFT-
based generation of the near-zero-energy zone. Exploiting the
well-established principle of zero-padded signal interpolation
[18], the proposed Spectral Precoder performs frequency-
domain interpolation to map s onto the N physical subcarriers.
This is mathematically realized by a cascade of a forward
DFT, zero-padding, and an inverse DFT, as shown in Fig. 3.
We define the precoding operation as

v =Φl (FH
N ZFNd

)
´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶

Interpolation

s (2)

where FNd
and FN are unitary DFT matrices of size Nd

and N , respectively. Matrix Z ∈ RN×Nd is a zero-padding
matrix that inserts Nr zeros at the center of the DFT band to
perform ideal low-pass interpolation, as shown in Fig. 3. The
interpolated vector is then phase-rotated using the diagonal
matrix Φl = diag(1, e−j 2πl

N , . . . , e−j
2πl(N−1)

N ), which produces
a circular time-domain shift of l samples. To align the implicit
near-zero-energy zone with the symbol tail 2 (samples Nd+1 to
N ), we set l = −(Nd/2−1). Final time-domain transmit signal,
after adding xuw becomes x̃ = FH

N v + [0T
Nd

,xT
uw]T . This

construction ensures that the tail-region energy is negligible
prior to UW insertion, thereby minimizing interference.

B. Rx Processing

At Rx, the scheme preserves standard OFDM processing.
The deterministic UW serves as a guard interval longer than
the channel delay spread, ensuring circular convolution for
efficient single-tap FDE. Consequently, the receiver extracts
exactly N samples for direct FFT processing, inherently
preserving circularity without the noise-enhancing OLA stage
required by ZP-OFDM [5]. After synchronization, the received
signal is FFT-processed and equalized using standard FDE.
Because the UW is deterministic, its frequency response is
known and can be directly subtracted from the equalized sym-
bols, eliminating its contribution without additional estimation.
The estimated data symbols ŝ are then recovered by reversing
the spectral precoding operations.

ŝ = (FH
Nd

ZTFNΦ−l)(HeqFNy −FN [0T
Nd

,xT
uw]T ) (3)

Here, Heq denotes the channel equalization matrix. The oper-
ation ZT performs decimation by discarding the zero-padded
samples in the virtual time domain, thereby recovering the

2To quantitatively characterize this guard interval, we define the discrete-
time Signal-to-Leakage Ratio (SLR) for the precoded sequence x = FH

N v
prior to UW insertion as SLR (dB) = 10 log10(Pdata/Ptail), where Pdata

and Ptail are the average powers of the data and tail samples, respectively.
For the implementation as per (2), finite-precision floating-point arithmetic
generates infinitesimal computational limits (e.g., amplitude errors ∼ 10−9),
yielding a simulated SLR bounded only by machine precision (> 150 dB).
Furthermore, in the practical fast implementation (Section III-C), this tail
is generated via explicit digital memory-padding, rendering the discrete tail
samples mathematically exact zeros (SLR → ∞). Thus, within the discrete
baseband scope, the interval acts as a perfect guard zone.
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Fig. 3: Schema of frequency-domain interpolation and phase
rotation process, showing the mapping of Nd logical channels
to N physical subcarriers through mid-band zero insertion.

original Nd-point logical sequence. This linear recovery pre-
serves the low-complexity advantage of the proposed frame-
work. The estimated symbol vector ŝ is then demapped to com-
pute log-likelihood ratios (LLRs) for forward error correction.
These LLRs are weighted by the effective gains of the logical
channels; hence, the estimated per-subcarrier CSI undergoes
the same spectral projection as ŝ in (3), mapping the physical
subcarrier responses onto the Nd logical channels prior to LLR
weighting ( LLRweights = ∣(FH

Nd
ZTFNΦ−l)Heq ∣).

Remark: (Conservation Properties): Unlike systematic
designs that suffer from significant power penalties, the pro-
posed transceiver is strictly energy-conserving. By inspecting
the precoder structure in (2), we observe that F and Φ are
unitary matrices, and Z is a semi-unitary isometric mapping
(ZTZ = INd

). Consequently, the mean transmit energy is
E[∣x̃∣2] = E[∣s∣2] ⋅ tr(ZTZ) = Ndσ

2
s . This confirms there is

no power overhead. Furthermore, this semi-unitary structure
implies that the transformation is isometric, thereby preserving
the Euclidean distance between any two transmit vectors
relative to the input constellation. For any distinct pair of
input symbol vectors (si,sj), the Euclidean distance is strictly
preserved as ∣x̃i − x̃j ∣2 = ∣si − sj ∣2. This guarantees that the
minimum distance (dmin) remains the same, ensuring that no
BER degradation occurs relative to standard OFDM.

C. Computational Complexity Analysis

We analyze the computational complexity of the pro-
posed UW-OFDM Tx. The transmit signal is given by:
x = FH

N Φl(FH
N ZFNd

)s. In a direct matrix implementation,
spectral interpolation and phase rotation are performed via
successive matrix-vector multiplications, requiring (2N2 +
N2

d +N) complex-multiplications [19]. This form is primarily
theoretical; practical implementations exploit the structure of
the involved operators. In contrast, prior systematic and non-
systematic UW-OFDM schemes incur a real-time complexity
dominated by a matrix-vector multiplication Gs, yielding

TABLE I: Complexity Comparison of UW-OFDM Designs

Transmission
Scheme Operation Approx.

Real FLOPS
Asymptotic

Order
Standard CP-OFDM FH

N Bs 5N log2 N O(N log2 N)
UW-OFDM
(Sys./Non-Sys.) FH

N BGs
8NNd − 2N
+5N log2 N

O(NNd)

Proposed Method
(Standard) FH

N ΦlFH
N ZFNd

s
∼ 5Nd log2 Nd

+10N log2 N + 6N
O(N log2 N)

Proposed Method
(Fast) SlJZFNd

s ∼ 5Nd log2 Nd O(Nd log2 Nd)



TABLE II: Simulation Parameters

Parameter CP-OFDM Proposed UW-OFDM
Modulation Scheme 4-QAM, 16-QAM, 64-QAM
Total Subcarriers (N ) 2048
Data Carriers (Nd) 2048 1914
Redundant Carriers (Nr) 0 134
Guard/UW Length Ncp = 144 Nuw = 134
Total Symbol Duration 2192 samples 2048 samples
Spectral Efficiency Nd/(N +Ncp) ≈ 93.4% Nd/N ≈ 93.4%
Channel Model AWGN, Extended Vehicular A (EVA)
Coding LDPC (Interleaved), Rate = 3/4

O(NNd) complexity [19]. While recent literature has pro-
posed advanced matrix optimization methods and data-driven
approaches to manage this operational cost [20, 21], such
schemes remain fundamentally bottle-necked by matrix-vector
multiplication structures at the transmitter, unlike pure FFT-
based architectures. Since Nd ≈ N , this is substantially higher
than the O(N log2N) complexity of conventional CP-OFDM.
Detailed computational complexity, measured in real floating-
point operations (FLOPs) per [19], is given in Table I.

The proposed design significantly reduces complexity by
using DFT properties. After regrouping linear operators

x = (FH
N ΦlFN)(FH

N FH
N )ZFNd

s = SlJZ(FNd
s), (4)

where Sl = FH
N ΦlFN is a time-domain circular shift matrix

with lag l, while J = FH
N FH

N is a permutation (flip) matrix.
This derivation shows that the proposed Tx does not re-

quire three DFT/IDFT operations, but only a single Nd-point
DFT (FNd

s). Essentially, this reveals a powerful duality; we
achieve the spectral shaping of an N -subcarrier UW-OFDM
system using only the computational footprint of an Nd-point
transform. Since standard 5G-NR subcarrier allocations (Nd)
are composite numbers with small prime factors (2, 3, and 5),
this transform is efficiently implemented using mixed-radix
FFTs, preserving O(Nd log2Nd) complexity. The remaining
operations zero-padding (Z), flipping (J ), and circular shifting
(Sl) are low-complexity memory operations. Consequently,
the overall complexity is dominated by O(Nd log2Nd), which
is lower than the O(N log2N) complexity of conventional
CP-OFDM. Although a forward DFT is required, compatibility
with standard OFDM hardware is maintained, as the DFT can
be implemented using a conventional IFFT via index reversal.

IV. EVALUATION AND DISCUSSION

Now we evaluate link-level and physical-layer performance
of the proposed framework. Simulation parameters (Table
II) follow 3GPP 5G-NR specifications for high-numerology
operation (SCS = 240 kHz). To ensure a fair comparison, the
UW-OFDM subcarrier allocation (Nd = 1914, Nr = 134) is
selected to match the spectral efficiency of the reference CP-
OFDM system. The Tx employs a phase-rotation parameter
l = −(Nd/2 − 1) = −956 to align the near-zero-energy region
with the symbol tail. Interleaved LDPC coding with rate
R = 3/4 is used [1, 2]. The channel follows the 3GPP EVA
model to capture frequency-selective fading. At Rx, perfect
synchronization is assumed, UW samples are removed before
FFT, and MMSE FDE is applied with perfect CSI. Results are
averaged over 5,000 independent channel realizations.

We further assess physical signal properties to verify that
spectral precoding introduces no power penalty or spectral re-
growth. Energy conservation is evaluated via the complemen-
tary cumulative distribution function (CCDF) of total symbol
power and peak-to-mean envelope power ratio (PMEPR) using
106 independent symbol realizations. Results are compared
for CP-OFDM, UW-OFDM with a zero-padded guard, and
UW-OFDM with a deterministic polyphase UW. Spectral
containment is analyzed through the averaged PSD computed
over 1,000 symbols using a rectangular-window periodogram.
For fair mask comparison, CP-OFDM employs 308 null sub-
carriers, while UW-OFDM uses 288 null logical channels,
which map (via the spectral expansion factor 2048/1914) to
an equivalent physical guard band of approx. 308 subcarriers.

A. Physical Layer Characterization

We first assess the physical signal properties to verify that
the proposed spectral precoding preserves the fundamental
energy and statistical characteristics of the OFDM waveform.
1) Power Conservation: Fig. 4a shows the CCDF over 106

i.i.d. symbol realizations. For the proposed UW-OFDM with
a zero-padded guard (xuw = 0), the statistical distribution
profile perfectly mirrors the trend of CP-OFDM, confirming
that the precoder in (2) is a semi-unitary isometric operator
and introduces no power overhead. However, because its
active energy originates from only Nd logical channels, its
absolute total symbol power is proportionately lower. When
a deterministic polyphase UW (e.g., Zadoff-Chu) is added,
the power distribution shifts to perfectly overlap with the CP-
OFDM baseline, indicating that any increase is purely additive
and due solely to the UW energy, and not precoding structure.
2) PMEPR: Fig. 4c evaluates the amplitude statistics of the
transmitted signal. Despite concerns of peak regrowth typically
associated with interpolation-based schemes, the proposed
waveform exhibits a PMEPR distribution that almost coincides
with CP-OFDM. This confirms that the peak behavior remains
dominated by the IFFT operation rather than the spectral pre-
coding. Furthermore, populating the time-domain near-zero-
energy zone with a constant-envelope polyphase UW elegantly
restores the mean symbol power without introducing new
amplitude peaks. Consequently, the overall PMEPR strictly
aligns with that of CP-OFDM, ensuring seamless compatibility
with existing power-amplifier back-off requirements.
3) Spectral Containment: Finally, Fig. 4e shows that the
average PSD of UW-OFDM closely matches that of CP-
OFDM, with identical roll-off characteristics. This verifies that
the implicit time-domain windowing induced by interpolation
creates the desired near-zero-energy zone without spectral
regrowth or out-of-band leakage.

B. Link-Level Performance

Link-level reliability is evaluated in terms of BER. First,
we establish a performance baseline in the AWGN channel as
shown in Fig. 4b (uncoded) and Fig. 4d (LDPC coded). The
proposed UW-OFDM achieves identical BER performance to
CP-OFDM across all modulation orders, confirming that the
DFT-based precoder and phase rotation preserve Euclidean
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Fig. 4: Performance comparison of the proposed UW-OFDM
framework and CP-OFDM: (a) Total-symbol-power CCDF, (b)
Uncoded BER in AWGN, (c) PMEPR CCDF, (d) BER in
AWGN with LDPC (3/4 coding rate), (e) PSD comparison,
and (f) BER in EVA multipath with LDPC (3/4 coding rate).

distance between constellation points, thereby causing no
performance degradation in AWGN channels.

Next, we evaluate robustness against frequency-selective
fading using the 3GPP EVA channel model. As shown in Fig.
4f, the proposed scheme effectively suppresses ISI without
a conventional CP. The circular phase rotation preserves the
circular convolution property, enabling standard single-tap
FDE. Consequently, the BER performance matches that of
CP-OFDM, achieving full diversity without an error floor.
At higher SNRs, the proposed scheme maintains a marginal
performance advantage. This confirms that the implicitly
generated near-zero-energy guard interval provides sufficient
isolation against multipath delay spread (where Nuw > τmax),
validating it as a low-complexity alternative.

V. CONCLUSION

This letter establishes that low-complexity UW-OFDM
transmission is achievable without the penalties of complex
iterative optimization or excessive power overhead. By in-
troducing a closed-form DFT-based spectral precoder, we
successfully exploit the duality between frequency-domain in-
terpolation and time-domain energy confinement to construct a

deterministic guard interval. Crucially, the analytical derivation
proves that the Tx complexity scales with O(Nd log2Nd),
breaking the computational bottleneck that has historically
hindered the adoption of non-systematic UW-OFDM in large-
subcarrier systems. Validated against 3GPP 5G-NR standards,
the proposed framework maintains BER performance equiv-
alent to conventional CP-OFDM while offering the spectral
advantages of a near-zero-energy tail. This combination of log-
arithmic complexity and strict standards compliance positions
the design as a robust, scalable candidate for next-generation
high-bandwidth waveforms, particularly where latency and
processing power are constrained.
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