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Abstract—We propose a channel-aware spectral precoding
scheme for multicarrier modulation with channel state infor-
mation at the transmitter (CSIT) that minimizes out-of-band
radiation (OBR) under transmit power and mutual information
constraints. The precoder is obtained by solving a constrained op-
timization problem via a fixed-point algorithm that incorporates
reverse waterfilling and spectral shaping through a semi-unitary
front-end. The spectral invariance under unitary rotations is
leveraged to embed CSIT without altering the transmit power
spectral density. This enables low-complexity receiver designs
based on zero-forcing (ZF) or successive interference cancellation
(SIC) strategies. Numerical results over block-fading multipath
channels show that the proposed design achieves better OBR
reduction and improved symbol error rates compared to existing
schemes such as pre-equalized and spectrally precoded OFDM
(PSP-OFDM) and null-subcarrier precoding. The SIC receiver
achieves the best performance in the medium-to-high SNR
regime, confirming the effectiveness of the proposed framework.

Index Terms—Multicarrier modulation, spectral precoding,
sidelobe suppression, channel state information at transmitter,
successive interference cancellation.

I. INTRODUCTION

Multicarrier modulation has become a central component
of modern wireless systems due to its robustness against
frequency-selective fading, spectral flexibility, and compat-
ibility with MIMO techniques. Among them, orthogonal
frequency-division multiplexing (OFDM) remains the most
widely adopted. However, the abrupt transitions induced by
rectangular pulse shaping yield power spectral density (PSD)
sidelobes that decay slowly as f 2, causing considerable out-
of-band radiation (OBR) and interference to adjacent chan-
nels [1], [2]. The conventional approach to reduce OBR, i.e.,
nulling edge subcarriers, comes at the cost of reduced spectral
efficiency due to persistent leakage from remaining tones.

Several techniques have been proposed to address this
issue. Time-domain methods, including waveform shaping [3],
[4], filtering [5]-[7], windowing [8]-[10], and time-domain
suppression alignment [11], [12]. Alternatively, frequency-
domain methods modify the transmitted symbols prior to the
inverse fast Fourier transform (IFFT). These include nonlinear
mapping [13], cancellation carriers insertion [14], [15], and
linear spectral precoding [16]-[22], which has emerged as
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an attractive solution due to its analytical tractability and
compatibility with standard OFDM processing chains.

Linear precoding strategies can be broadly categorized
into three classes: spectral nulling, /N-continuous precoding,
and band-specific power minimization (BSPM). The BSPM
approach is particularly appealing as it formulates spectral
shaping as a quadratic program targeting leakage in specific
frequency regions. Beyond spectral control, precoding natu-
rally introduces frequency diversity, which improves reliability
over fading channels at the expense of higher receiver com-
plexity [19], [23], [24]. Recent works have also explored in-
corporating channel-state information at the transmitter (CSIT)
into the design. The PSP-OFDM scheme in [25] pre-equalizes
the channel via a cascaded design, combining (/V-continuous)
spectral shaping, waterfilling-based power allocation, and a
unitary rotation for Peak to Average Power Ratio (PAPR)
reduction, while applying linear minimum mean squared error
(LMMSE) decoding at the receiver.

In this work, we revisit BSPM-based spectral precoding
from a constrained optimization perspective and propose a
CSIT-aware framework that jointly minimizes OBR while
satisfying power and mutual information (MI) constraints. The
optimal precoder structure is derived via first-order conditions
and obtained through an efficient fixed-point iteration that
incorporates reverse waterfilling and semi-unitary shaping. Un-
der CSIT, we exploit the spectral invariance under unitary rota-
tions to tailor the effective channel for receiver-side decoding
without altering the transmit PSD. This leads to two decoding
strategies: a ZF receiver based on SVD diagonalization, and an
SIC receiver based on geometric mean decomposition (GMD),
which provides equalized post-processing noise variance and
stronger diversity. Simulations over block-fading multipath
channels demonstrate substantially improved spectral confine-
ment and mid/high-SNR error rate compared to both PSP-
OFDM and null-subcarrier baselines.

Notation: a, A denote scalars; a, A resp. denote vectors
and matrices. Transpose and conjugate transpose are written
AT and AM. Tr(A), |A| are the trace and determinant of A.
The N x N identity is Iy, and O denotes an all-zeros matrix of
proper size. Statistical expectation is E[-]; Diag {-} places its
arguments on the main diagonal of a square matrix. The hard
slicer DEC,{-} returns componentwise the closest element of
AcC.



II. SYSTEM MODEL

We consider a multicarrier OFDM transmitter in which an
N-point IFFT sets the subcarrier grid, and a guard of [,
samples extends each block to L £ N + [,. Let the set of
active tones be K = {k1, ..., kx} with || = K < N. Given
D < K, the m-th block data vector d,,, = [d\™ ... d\"V]T
AP is expanded by a memoryless linear map G € CX*P onto
the K active tones:

Xm = Gd,, € CK, 1)

where n £ D/K < 1and R £ K — D > 0 quantify, resp.,
coding rate and redundancy. Let :r,(;") be the component of
X tied to k € K. Given a shaping pulse hp[n] with DTFT
Hp(e’), the discrete-time baseband sequence is

Z > @™ hpln - mL] @ FHO=mD ()

m=—o0 kel

For cyclic prefix (CP) OFDM, hp[n] = 1 for 0 < n < L
and 0 otherwise; zero-padded (ZP) and other guards follow
by modifying hp[n| accordingly [26]. Let T be the sampling
interval, and Ay = 1/(NT,) the subcarrier spacing. The
continuous-time baseband signal is

> s[n] h(t — nTy), 3)

n=—oo

s(t) =

where hp(t) is the impulse response of the interpolation filter
in the Digital-to-Analog Converter, with frequency response
Hi(f). We assume d,,, € AP is zero-mean and temporally
white across OFDM blocks, i.e., E[d df_,] = é[(Ip. For
the k-th active tone, define ay(f) = Hy(e?2(/=FA1Ts) and
collect a(f) £ [a, (f),...,ar.(f)]T € CK. Then by [26,
Th. 1], the continuous-time waveform s(t) in (3) is wide-sense
cyclostationary with period LT. Its (cycle-averaged) PSD is

2
P = D G, )

At the receiver side, we assume perfect CSIT and standard
CP-OFDM conditions (channel support within the CP length,
and block-constant over one OFDM symbol). Then, after CP
removal and N-point FFT, the frequency-domain channel over
K is diagonal:

H2 Diag{Hc[kl],...,Hc[kK]} ECKXK7 (5)

where H.[k] denotes the N-point DFT sample of the channel
impulse response at bin k. Dropping the symbol index in
(1) and writing x = Gd, and with ideal time/frequency
synchronization, the received vector r € CE is

r=Hx+n=HGd+ n, (6)

where the noise n € CX is circularly symmetric complex
Gaussian with zero mean and covariance E[nnH} = ¢%Ig.
When CSIT is available, G may be chosen as a (possibly
channel-dependent) linear precoder satisfying design con-
straints (e.g., spectral shaping via GG" in (4)) while the
detector accounts for HG in (6).

III. PROBLEM STATEMENT

The spectral precoder G must jointly address (i) spectral
confinement, (ii) transmit-power efficiency, and (iii) end-to-
end reliability. We quantify these aspects as follows.

1) Out-of-band radiation (OBR): Following a BSPM ap-
proach, given a spectral weight W (f) > 0 supported on a
prescribed region 5, the weighted radiated power is

pw/w

where the matrix A € CK*X is given by

) 1Hi(f)Pa(f)a"

and is Hermitian positive semidefinite by construction. The
choice of W( f) specifies how different frequency components
contribute to the total OBR. Uniform leakage control over
B is achieved by setting W(f) = 1 for f € B and
W(f) = 0 elsewhere; nonuniform W (f) allows prioritizing
specific subbands.

2) Transmit Power: Under the stated assumptions on data
vector d, the average power of the precoded vector x is

E[lx|I°’] = Tr(G"G) . ©)

3) Mutual information (MI): Assuming Gaussian signaling
and perfect CSIT, the MI between the transmitted data and the
received vector in (6) is

Hdf =Tr(G"AG), 7

A2

(Hdrf, @

LT,

1
I(d;r) = log |Ix + -HGG"H"
g

= log ‘ID + GH

(10)

where C £

We aim toadesign G so as to minimize the OBR, subject to a
transmit power budget and an MI target requirement. Formally,
the problem is posed as:

1 . . .
—H HH is the (scaled) channel covariance matrix.

Tr(GMG) < Prax, (11a)

min Tr(GHAG) s. to ;
G 10g|ID+G CG'| ZImina (llb)

with Ppax > 0 and Z.,;, > 0 prescribed. Note that, if G,
is any optimizer of (11), then the MI constraint (11b) must
be tight. Indeed, if G, satisfied (11b) with strict inequality,
then the scaled precoder (1 — €)G, for sufficiently small € >
0 would remain feasible and yield a strictly lower objective
value, contradicting the optimality of G,. On the other hand,
it is not evident whether the power constraint (11a) is tight at
the optimum or not.

Problem (11) is not convex. After analyzing feasibility and
expressing a first-order optimality condition, we shall propose
an iterative approach to find a suitable solution.

A. Feasibility

Feasibility of problem (11) depends on the pair
(Pmax> Zmin)- It can be assessed through either of the
following approaches:



1) Fixing the power budget: Suppose Ppax is given. Con-
sider the auxiliary problem:

Zo = maxlog [Ip + G"CGls. to Tr(G"G) < Prax. (12)

This is a standard waterfilling problem [27] whose solution
satisfies the power constraint (11a) with equality. Problem (11)
is feasible if and only if Z,,;, < Zy; otherwise, the power
budget Pax is insufficient to meet the MI requirement Z;y,.
Note that Z; is a function of P y.
2) Fixing the MI requirement:
Consider the dual auxiliary problem:

Py 2 min Tr(G"G) s. to log|Ip + GM'CG| > Zpyin. (13)

Suppose Znin is fixed.

Note that at the solution of (13) the constraint must be tight.
Then (11) is feasible if and only if P, .x > Py. The threshold
Py depends on Z;,,. Problem (13), whose solution is given in
Appendix A, constitutes a reversed formulation of the standard
waterfilling problem: MI is imposed as a constraint and the

transmit power is minimized.

B. First-order Condition
Assume (11) is feasible. The Lagrangian is given by

L= TI’(GHAG) + M(Tr<GHG) - Pmax)

+ a(Zinin — log|Ip + G'CG|), (14)

with Lagrange multipliers p > 0, o« > 0 associated with the
power and MI constraints, respectively. Recall now the matrix
derivative [28]:
d H H -1
T 08 [T + XMX| = MX (9T + X"MX)

for any 6 > 0 and Hermitian martix M. Applying this to (14),
the gradient of £ with respect to G is

% — AG + G — oCG (Ip + G"CG) .

At any stationary point this derivative must vanish. Thus, G
satisfies the first-order condition:

(A + uIg) G = aCG (Ip + G'CG) '

15)

(16)

a7)
for some multipliers ¢ > 0, & > 0 to be determined.

IV. PROPOSED PRECODER

We propose an iterative method to solve the stationarity
condition (17). Let the power multiplier 1+ > 0 be fixed. We
aim to find a pair (G, «) satisfying (17) such that the MI
constraint is met with equality. The resulting transmit power
Tr(G"G) depends on the chosen 1, and may or may not
satisfy the power constraint. We state the following conjecture:

Conjecture 1: Assume Problem (11) is feasible. For each
> 0, let the pair (G, ;) be such that

@, CG,, (Ip + GYCG,) ', (18)
Zmi]]' (19)

(A+ulg)G, =
10g|ID+GECGM| =

Then:

Algorithm 1: Iterative search for BSPM precoder

Input: Initial Gy, po > 0
for : = 1,2, ... until convergence do
éi —
(A + ,UJi_lIK)_chi_l (ID + G;_LlCGi_l)_l
Use bisection to find «; > 0 such that

log ’ID + 0412 é:lc éz = Tmin

GZ‘ — OtiGi

Tr(GH'G,)
Mg = i1 —pH

Pl’IlaX

end

o The power Tr(G!!G,) is monotonically decreasing in s;
« The OBR Tr(GEAGM) is monotonically increasing in .
If Conjecture 1 is true, then the optimal solution to (11)
corresponds to the value of 4 such that Tr(G!G ) = Prax.
or to u = 0 if this already yields power below P ax.
To compute (G, ) for a given u, let Go be an initial
estimate; then for ¢ = 1,2, ..., repeat until convergence:
o Step 1: Update

Gi = (A+ulg) 'CG 1 (Ip+GH . CG, 1) (20)
o Step 2: Find &; > 0 such that
log ‘ID +a2GHCG,

= Thin- (21
o Step 3: Set G; = ;G

If this iteration converges, we set (G, ,) to the resulting

limiting values of (G,-, &;), which will satisfy both (18) and

(19). Regarding Step 2, let 51 > ... > Bp > 0 be the ordered

eigenvalues of the positive semidefinite matrix é'{'Cél and

define

D
g(a) £ log(1+ap). (22)
=1

Then g is strictly increasing in a € [0,00), with g(0) = 0
and lim, o g(a) = co. Thus, g(a) = Zyin admits a unique
solution a, > 0 (which can be found, e.g., via bisection), and
we set &; = \/a.

To solve (11), one may line-search p to enforce the power
constraint with equality. A more efficient alternative embeds
the update of 1 within the iteration, as in Algorithm 1. Guided
by Conjecture 1, increase p if the power exceeds Ppax and
decrease it otherwise.

V. DECODER-AWARE PRECODER DESIGN

Let G, be the precoder returned by Algorithm 1 and set
M = rank(G,) < D. As in standard waterfilling (12), it
may occur that M < D, ie., some weak modes are not
used and only M data streams are effectively transmitted.
Write the SVD of G, = U,X,VH with U, ¢ CK*M
and V, € CP*M gsemi-unitary, and ¥, € CM*M djago-
nal and nonsingular. We may then redefine the precoder as



G, = U,X, € CE*M_ which preserves the objective and
both constraints in (11). With this reduction (only needed if
M < D), the input—output model (6) holds verbatim after the
dimension change.

Further, note that for any unitary V € CM*M | the rotated
precoder G,V induces exactly the same PSD (4) and OBR (7).
This degree of freedom has been used to optimize auxiliary
aspects such as on-line complexity and PAPR without altering
the spectrum [25], [29]. Here, under CSIT, we exploit it to
tailor the effective channel to the chosen decoder.

A. Zero-Forcing decoder with CSIT
Let the SVD of the effective channel HG, be

HG, = U,I', V!, (23)

where Uj, € CEXM s semi-unitary, V;, € CM*M g unitary,
and I';, = Diag {71, ...,vam } contains the singular values. We
transmit x = U, 3, V,; d, yielding the received signal

r=Hx+n=U,I'yd +n. 24)
A ZF decoder applies I‘,:lUg to obtain
T, 'Ulr =d +wy, (25)

where wy, = T', ' Ulln is zero-mean Gaussian with covariance
021",:2. A hard decision produces the final estimate, d =
DEC,{T';, "Ul'r}. The total post-equalization noise power is
o®Tr(T';, ). As in standard ZF, noise enhancement occurs
when some singular values ~y; are small.

B. SIC decoder with CSIT
To obtain a structure amenable to SIC, apply the geometric
mean decomposition (GMD) [30] to the effective channel:
HG, =7 Q,R,P}), (26)
where Q; € CEXM is semi-unitary, P;, € CM*M is unitary,
R, € CM*M jg ynit upper triangular (ones on the diagonal),
and v = (Hf\il %»)1/ M is the geometric mean of the singular

values {v;} of HG,. Choose V = P and transmit x =
G,Pd. Then

r=Hx+n=7Q,Rpd+n. 27
Premultiplying by v~ 1Q} yields
T2 471Qlr = Ryd + Wy, (28)

where wj, = v~ 'Q!n is white Gaussian noise with covari-
ance E[leth/,'j] = Z:1);. By the harmonic—geometric mean

inequality [31], it follows that
E[Ilw]?] < Efllwal?] . (29)

with equality iff 73 = --- = 7. The triangular system in
(28) is decoded by backward SIC. Let p,, denote the (7,v)
element of Ry, so that p, =1 and p,;, = 0 for 7 > v. The

recursion is:
dy = DECa{7n},
}, T=M-1,...,1.

M )
Z Prvdy

dy = DECA{FT -
v=7+1

(aB)

|1, [1]
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Fig. 1. Channel response |H:[k]| vs. subcarrier index k € K for four

Rayleigh block-fading realizations with § € {0.01,0.10}.

VI. PERFORMANCE EVALUATION
A. Simulation Setup

We evaluate CP-OFDM with rectangular pulse shaping
(hp[n] = 1 for 0 < n < L, and 0 otherwise), IFFT size
N = 256, CP length [, = 32 (L = N + [;), and sampling
period T,;. The DAC interpolation filter is ideal lowpass:
|Hi(f)| = 1 for |fT,| < } and 0 otherwise. A contiguous
set of K = 129 subcarriers (index set K) is activated
symmetrically around the carrier frequency. OBR is penalized
over the stopband B £ {f : 4%& + % <|fI< %}, with
flat weight W (f) = 1 for f € B and 0 otherwise. The channel
is block-fading with exponential power delay profile (PDP)
[32]:

hen] = e 20 h[n),

0<n<ly, (30)

where {h.[n]} are i.i.d. circularly symmetric complex Gaus-
sian random variables and 6 > 0 is a dimensionless delay-
spread factor. Under (30), the exponential PDP has mean
delay and RMS delay spread (in samples) both equal to 6 [,.
The per-subcarrier gains H.[k] are obtained via the N-point
DFT of {h.[n]} and normalized per realization to fix the
in-band energy: >, .| H.[k]|* = K. Fig. 1 depicts typical
realizations for 6 € {0.01, 0.1}; larger § yields stronger
frequency selectivity across K.

For each channel realization, we fix the transmit power
budget to match PSP-OFDM, i.e., Pyax = D so that
tr(G"G) = D. With C, the reference MI Z; in (12) is
computed via standard waterfilling over the top-D eigenmodes
of C under the same power budget D. The design target is
then set to Zpin, = 0.997 to ensure feasibility while keeping
the operating rate arbitrarily close to the waterfilling bound at
the same power. All schemes (proposed, PSP-OFDM [25])
are power-normalized to satisfy tr(GHG) = Py, before
evaluation.

B. Sidelobe Suppression Performance

Fig. 2 displays the ensemble-averaged PSDs attained by the
proposed precoding strategies, namely, BSPM precoder G,
and its CSIT-enhanced variants (=, 'V}, (ZF) and G, Py, (SIC),
under block-fading multipath channels with strong frequency
selectivity (0 = 0.10). Results are shown for redundancy
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Fig. 2. PSDs of proposed BSPM precoder and PSP-OFDM precoders on a
multipath block-fading channel with N = 256, l; = N, /8, K = 129 and
§ = 0.10; with (a) R = 6, and (b) R = 10.

values R € {6,10}. All three precoders share the same
transmit covariance, and are therefore spectrally equivalent,
yielding identical PSDs as per (4). For benchmarking, we
include two alternative methods: (i) the PSP-OFDM scheme
of [25], and (ii) a null-subcarrier baseline that zeroes out
R/2 subcarriers at each band edge. Since both G, and the
PSP-OFDM precoder are channel-dependent, the reported
spectra are averaged over 1000 independent realizations of the
random channel (30). For a fixed redundancy R, the BSPM-
based designs exhibit significantly faster spectral decay near
the occupied band, resulting in superior sidelobe suppression
relative to PSP-OFDM. Quantitatively: For R = 6, the
proposed precoders reduce the OBR by 15.64dB, compared
to 2.07dB achieved by PSP-OFDM. For R = 10, the gap
widens: 32.81dB (proposed) versus 4.43dB (PSP-OFDM).
While PSP-OFDM achieves an asymptotic roll-off of f~25=2,
its suppression is spread broadly. In contrast, BSPM focuses
nulling power within the designated stopband B; especially
near the band edges, where leakage is most critical. This
targeted shaping yields significantly stronger OBR reduction
despite fewer suppressed modes.

C. Error rate performance

Symbol error rate (SER) results are averaged over 1000
independent realizations of the fading channel described in
Section VI-A. A memoryless 16-QAM constellation is used,
without forward-error correction. All detectors operate under
perfect channel knowledge at the receiver. Fig. 3 shows
that PSP-OFDM with LMMSE detection achieves the lowest
SER at low SNR, whereas the proposed GMD-SIC receiver
initially incurs error propagation. At moderate and high SNR,
however, the triangular structure and semi-unitary front-end of
GMD-SIC eliminate noise gain and interstream interference,
producing the steepest SER decay and the best reliability.

The CSIT-aware ZF scheme based on SVD diagonaliza-
tion remains above the SIC curve because its per-stream
noise variance grows as o2/ on weak modes. In contrast,

SER

—&— Proposed, SIC decoder
- -O - Proposed, ZF decoder
—s7— PSP-OFDM, LMMSE decoder

0 5 10 15 20 25
L,
~ (dB)

Fig. 3. SER performance of proposed BSPM precoder and PSP-OFDM
precoders on a multipath block-fading channel for 16-QAM modulation (ZF
and SIC), with § = 0.10 and R = 6.

GMD-SIC equalizes the variance to o2 /42 before cancellation.
In summary, while PSP-OFDM with LMMSE excels at low
SNR, the proposed GMD-SIC receiver achieves the best
performance at moderate-to-high SNR, establishing it as the
most reliable scheme under favorable signal conditions.

VII. CONCLUSION

We presented a channel-aware spectral precoding frame-
work for OFDM that minimizes OBR under power and MI
constraints. The precoder is obtained via a fixed-point iteration
and supports CSIT integration through spectrally-invariant
unitary rotations. Simulation results confirm strong spectral
confinement and improved error rates over prior designs. In
particular, the proposed SIC receiver outperforms existing
schemes at medium-to-high SNR, establishing it as a reliable
solution for spectrally efficient, CSIT-aware transmission.

APPENDIX A
SOLUTION TO PROBLEM (13)

Consider the SVD of G = UXVH, where U € CK*D ig
semi-unitary, 3 = Diag{o1,...,0p} with 09y > 09 > -+ >
op > 0,and V € CP*P is unitary. Substituting in (13) yields
log|Ip + Z*UMCU| > Zopin, (3la)
U"U =1p. (31b)
The problem is invariant to V, and the objective does not
depend on U. Hence, for any fixed 3, the MI in (31a)
is maximized by choosing U to span the top-D (principal)

eigenspace of C. Let Ay > Ao > --- > Ag > 0 denote the
ordered eigenvalues of C. Then the problem reduces to

minTr(EQ) S. to {
U.s

D
Z IOg (1 + Ala’lz) Z Imin, (323)
=1

0> 03> > 0% >0.

D
: 2
min o; s.to
2 2

TL0D 1

(32b)

If \; = 0 for some ¢, the corresponding term contributes
zero MI and is set inactive; the active set size ¢ satisfies



¢ < min{D,rank(C)}. Problem (32) is convex, and its KKT
conditions yield the reverse waterfilling solution

1 +
afz[’y—] , l=1,...,D, (33)
Al
where [z]* £ max{z,0}, and v > 0 is chosen to satisfy
D 11+
D log {1+ N [ — ] = Tonin- (34)
Al
1=1
Equivalently,
D
> llogy +log ] = Zyin, (35)
=1

which determines ~ efficiently. Since ¢ is the number of active
modes (for which v > 1/},), then

q

q
Z (logy 4+ log \) = Zinin = logy = 1 Lonin — Zlog Al
=1 q =1
(36)
M for I' =
I'+1
1,...,D—1,and Jp £ 400, which satisfy Jy < J; < --- <
Jp. Then g is the unique index such that J,_1 < Zpin < Jg.
At the optimum, the minimum required power is

Define the thresholds Jj 20,0, 2 log

D Tmin/q
e 1

Py = 02:<—> ) 37)

0 ; l G ", q

A q 1/q N q

where G, = ([]/_, A1) ' and Hy = W are respec-

=1\

tively the geometric and harmonic means of {Aq,..., A\, }.
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