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Abstract—In the near-field region of extremely large-scale
multiple-input multiple-output (XL-MIMO), the spatial degrees
of freedom (DoFs) increase sharply. Beamspace modulation (BM)
is an effective scheme for leveraging the massive DoFs of XL-
MIMO with a small number of radio frequency (RF) chains.
This letter proposes a distance-aware BM (DABM) strategy
to achieve greater spectral efficiency (SE) improvement. By
introducing selection switches, the number of activated RF chains
is dynamically adjusted based on distance-related DoFs. Then,
we derive a concise upper bound for the SE of BM. Based on
this, we derive the optimal number of RF chains to reach the
maximum SE improvement at different spatial DoFs. Finally,
simulation results demonstrate that DABM effectively adapts to
varying DoFs at different distances, thereby enhancing SE.

Index Terms—Beamspace modulation, distance-aware, XL-
MIMO, near-field communications, spectral efficiency

I. INTRODUCTION

AS a key technology for 6G, the extremely large-scale
multiple-input multiple-output (XL-MIMO) is expected

to achieve a tenfold increase in spectral efficiency compared
to the massive multiple-input multiple-output (MIMO) in 5G
[1], [2]. The expansion of array size leads to the near-field
dominance, and the near-field communication has become a
focal point of significant attention [3]–[5].

Due to the distance dimension introduced by near-field
spherical waves, many advantages are brought to near-field
communications. For example, near-field can achieve beam
focusing, concentrating energy at a specific position rather than
in a certain angular direction. Therefore, Wu et al. proposed
the concept of LDMA, which allows more users to access and
achieves higher spectral efficiency (SE) compared to space-
division multiple access [4]. Similarly, [5] verified that the
near-field provides new degrees of freedom (DoFs) for multi-
user interference management.

Moreover, in XL-MIMO, the spherical waves reduces the
correlation between different transmit-receive antenna pairs,
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significantly enhancing the spatial DoFs [3], [6]. Furthermore,
the DoFs increase as the communication distance decreases.
This indicates a significantly increased multiplexing gain
compared to the far-field line-of-sight (LoS) channel. The
work [7] proposed hybrid precoding with a limited number
of radio frequency (RF) chains to utilize the DoFs. Reference
[8] proposed a distance-aware precoding (DAP) structure with
a variable number of activated RF chains that can adapt to
the large number of DoFs changing with distance. However,
this also means that [7] and [8] assume a sufficient number
of RF chains to match the available DoFs. Unlike [7] and
[8], our prior work [9] introduced beamspace modulation
(BM) into XL-MIMO, which utilizes beamspace selection to
enhance capacity with a limited and fixed number of RF
chains. Nevertheless, the specific impact of the number of RF
chains on the performance of BM has not been studied. In
the near-field, the number of DoFs changes dynamically with
distance. How many RF chains are needed to maximize the
performance gains of BM, and can BM maintain optimal gains
under dynamically changing distances?

In this letter, we propose a novel distance-aware BM
(DABM) scheme where the number of activated RF chains is
dynamically adjusted according to the distance-related DoFs.
We analyze the SE of BM and then optimize the number of
activated RF chains in DABM. For that, we derive an ap-
proximate closed-form solution to obtain the optimal number
of activated RF chains in DABM to achieve the maximum
SE improvement over different distances. Simulation results
validate the effectiveness of DABM in further enhancing
system SE.

II. SYSTEM MODEL

In the XL-MIMO system, the numbers of transmitting and
receiving antennas are denoted as Nt and Nr, respectively. The
transmitter are equipped with NT

RF RF chains. For simplicity,
we assume that an optimal digital combiner is employed at the
receiver side. To guarantee the full spatial multiplexing gain,
the number of data streams Ns is equal to NT

RF.

A. Channel Model

The near-field LoS channel model is considered in this
letter, which adheres to the assumptions of the geometric
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Fig. 1. Singular values and DoFs for a pair of parallel 256-antenna ULAs at
30 GHz, r is the distance between the transceiver.

free-space propagation [10], [11]. The (m,n)-th element of
complex channel H can be modeled as1 [8]–[11]

hm,n =
λ

4πrm,n
e−j 2π

λ rm,n , (1)

where rm,n represents the distance between the n-th transmit-
ting antenna and the m-th receiving antenna, and λ stands for
the wavelength of the carrier wave.

Fig. 1 illustrates the singular values of channels (in the
reverse order). Specifically, we consider the transceivers as
a pair of parallel 256-antenna uniform linear arrays (ULAs)
operating at 30 GHz, with an inter-antenna spacing of half
a wavelength. It is shown that the singular values fall off
very slowly until they reach a critical point, after which
they drop sharply. The critical value reflects the effective
number of spatial DoFs. Such a behavior is well known for
the eigenvalues of problems of the prolate spheroidal wave
functions (PSWFs) [12].

For the eigenvalues of PSWFs, the breaking point value
can be calculated as DtDr

λr , where Dt(Dr) is the array aperture
at the transmitter (receiver) and r is the transmitter-receiver
distance [Eq. (67), 12)]. Importantly, it has been demonstrated
in [8], [12] using Green’s function that the singular values
of the near-field LoS channel under ideal continuous aper-
ture can be approximated by the eigenvalues of the PSWFs.
Therefore, the estimated number of DoFs can be expressed as
NDoF ≈ (Nt−1)(Nr−1)d2

λ r . And the first NDoF singular values
that decrease slowly can be considered approximately identical
according to the properties of PSWFs. The dashed line in the
figure illustrates the estimated number of DoFs, validating the
above discussion. Furthermore, the number of DoFs increases
as the communication distance r decreases. Assuming the
near-field DoF threshold is set to ∆ = 3, the near-field distance
under the simulation settings of Fig. 1 can be calculated as
RN ≈ (Nt−1)(Nr−1)d2

λ∆ ≈ 54 m [13].

B. Beamspace Modulation

In a traditional spatial multiplexing system, data symbol
vectors are transmitted by right singular vectors corresponding

1Due to the severe path loss effect in mmWave/Thz frequency, the channel
gains of the non-LoS path are negligible compared to that of LoS paths.
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Fig. 2. System model of a DABM-based XL-MIMO communications system.

to the NT
RF largest singular values. In contrast, BM selects NT

RF
vectors from NDoF right singular vectors to form a beam-
former Fi for data transmission, where NDoF is the number
of non-zero singular values of the channel. There exist a total
of K =

(
NDoF

NT
RF

)
beamformer candidates. Therefore, activating

different beamformers can convey additional information. As
illustrated in Fig. 2, the input information bits are split into two
parts to select the data symbol vector s ∈ CNs and beamformer
Fi ∈ CNt×NT

RF . Let F = {F1,F2, · · · ,FK} represents the
beamformer set2. The received signal vector is of the form

y = HFis+ n, (2)

where n is the complex Gaussian noise with zero mean and
covariance σ2

nINr .

III. DISTANCE-AWARE BEAMSPACE MODULATION

The beamformer set F related to NT
RF and NDoF affects

the performance of BM. In this section, we design the DABM
scheme and analyze the impact of NT

RF on the SE of BM. The
selection switches are utilized to flexibly activate RF chains
as shown in Fig. 2.

A. SE Analysis of BM

According to Theorem 1 in [14], the symbol vector s with
zero-mean Gaussian is fed into the precoder Fi, resulting in
the received vector y following the distribution of the complex
Gaussian mixture model (GMM). Then, the probability density
function (PDF) of y is expressed as

f(y) =

K∑
i=1

pifi(y), (3)

where pi is the activation probability of Fi and satisfies∑K
i=1 pi = 1. In Eq. (3), fi(y) is the PDF of complex

Gaussian distribution, taking the form

fi(y) = P (y|F = Fi) =
1

πNr det(Σi)
exp(−yHΣ−1

i y), (4)

with Σi = INr +
1

NT
RFσ

2
n
HFiF

H
i HH .

Remark 1: We assume that power allocation among different
data streams for any Fi follows the water-filling algorithm,

2BM is not dependent on a specific codebook; other codebooks applicable
to XL-MIMO can also be used for BM.
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which depends on the singular values. As shown in Fig.
1, NDoF useful singular values of the near-field channel
are almost equal. Therefore, the power allocation can be
approximated as 1

NT
RF
INT

RF
, i.e. Σi = INr +

1
NT

RFσ
2
n
HFiF

H
i HH .

Then, the SE of BM characterized by the mutual informa-
tion can be written as

R(p) = H(y)−H(y|Fi, s)

= E [− log2 f(y)]−H(n)

=

∫
CNr

f(y) log2 f(y)dy −Nr log2(πe),

(5)

where p = [p1, p2, · · · , pK ]T , H(·) represents the entropy
function and E[·] denotes the expectation.

We aim to maximize the SE, which can be formulated as

max∑K
i=1 pi=1

R(p). (6)

It is hard to solve this problem directly due to the integration
of complex functions. Fortunately, the upper bound (UB) for
the entropy of GMM random vector y has been established in
[14], which is of the form

H(y) ≤
K∑
i=1

pi
(
− log pi + log

[
(πe)Nr det (Σi)

])
. (7)

Combining (5) and (7), the UB of R(p) can be derived as

R(p) ≤ R̃(p) =

K∑
i=1

pi[log2 det(Σi)− log2 pi]. (8)

In [15], it has been proved that the UB in (8) is tight in
high signal-to-noise ratio (SNR) regions. Therefore, we replace
R(p) in Eq. (6) with R̃(p), reconstructing the optimization
problem as

max∑K
i=1 pi=1

K∑
i=1

pi [log2 det(Σi)− log2 pi] . (9)

Remark 2: The UB in (9) is tight in the high SNR regime,
which implies that optimizing the original problem in (6) is
equivalent to optimizing the UB in the high SNR region.
However, it cannot guarantee tightness at low SNR. To fully
illustrate the effectiveness, we have additionally included an
optimization of the lower bound (LB) from (5). As proven in
[16], this LB, with an added a constant gap of Nr(log e− 1),
is tight in both the low and high SNR regimes. Therefore,
optimizing this LB theoretically ensures optimality across the
entire SNR range. The specific method is briefly explained in
Appendix A, and simulation results are provided in Section
IV for validation.

B. Optimization of Beamspace Activation Probability p

The optimization problem (9) can be solved using the
Lagrange multiplier method. The Lagrange multiplier for (9)
can be formulated as

L(p, λ) =
K∑
i=1

pi [log2 det(Σi)− log2 pi]− λ

(
K∑
i=1

pi − 1

)
.

(10)

The solution is obtained by solving{
▽piL(p, λ) = log2 det(Σi)− log2 pi − 1

ln 2 − λ = 0

▽λL(p, λ) =
∑K

i=1 pi − 1 = 0
,

(11)
where ▽xf represents the derivation of f respect to x. Then,
the optimal activation probability can be derived as

p∗i =
det(Σi)∑K
i=1 det(Σi)

, i = 1, 2, · · · ,K. (12)

Substituting (12) into (9), we obtain the asymptotic SE of BM

RA
BM =

K∑
i=1

p∗i [log2 det(Σi)− log2 p
∗
i ]

=

K∑
i=1

p∗i log2

[
K∑
i=1

det(Σi)

]
= log2

[
K∑
i=1

det(Σi)

]
.

(13)

Moreover, the SE of the traditional scheme using the best
beamspace transmission (BBT) can be expressed as3

CBBT = log2

[
max

i=1,··· ,K
det(Σi)

]
. (14)

Remark 3: The complexity of the optimization of activation
probability based on UB mainly comes from the K calcula-
tions of matrix determinant det(Σi), which is O(KN3

r ).

C. Optimization of the Number of Activated RF Chains NT
RF

The number of activated RF chains directly affects the
beamformer set F and consequently impacts the performance
of BM. Thus, optimizing NT

RF is necessary for ensuring the
performance superiority of BM.

The singular value decomposition (SVD) of H is defined as
H = USVH . Denote that the NDoF largest singular values of
H are expressed as {ρ1, ρ2, · · · , ρNDoF

}. Then we can have

HFiF
H
i HH = Ui


(ρi1)

2

. . .

(ρi
NT

RF
)2

UH
i , (15)

where ρij , j = 1, · · · , NT
RF denotes the j-th singular value

corresponding to the activated Fi, Ui denotes the left singular
vectors corresponding to the singular values. According to the
property of determinant det(I+AB) = det(I+BA), we
have

det(Σi) =

NT
RF∏

j=1

(
1 +

1

NT
RFσ

2
n

(ρij)
2

)
(a)
≈
(
1 +

∥H∥2F
σ2
nN

T
RFNDoF

)NT
RF

,

(16)

where approximation (a) is obtained by assuming that the first
NDoF sub-channels occupy the main power of all sub-channels
and NDoF useful singular values are almost equal.4 According

3BBT uses beams formed by the right singular vectors corresponding to
the NT

RF largest channel singular values for transmission [7], [8].
4This means that

∑NDoF
i=1 ρ2i ≈ ∥H∥2F .
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to Fig. 1, the above assumptions are reasonable. Consequently,
the asymptotic SE of BM can be approximated as

RA
BM

(a)
≈ log2

[(
NDoF

NT
RF

)(
1 +

∥H∥2F
σ2
nN

T
RFNDoF

)NT
RF
]
. (17)

Accordingly, when the assumptions in (16) hold, the SE of
BBT can be approximated as

RBBT

(a)
≈ log2

[(
1 +

∥H∥2F
σ2
nN

T
RFNDoF

)NT
RF
]
. (18)

We use the SE improvement brought by BM as the evalu-
ation metric, which can be denoted as

g = RA
BM −RBBT ≈ log2

(
NDoF

NT
RF

)
. (19)

Then, the solution for maximizing combination number(
NDoF

NT
RF

)
can be calculated as [17]

NT
RF =

{
NDoF−1

2 or NDoF+1
2 , if NDoF is odd

NDoF

2 , if NDoF is even
. (20)

This indicates that the SE improvement brought by BM is
maximized when the number of RF chains is kept around
NDoF

2 .
Through the above analysis, the relationship between the

spatial DoFs and the number of RF chains is obtained for
maximum SE improvement. As the distance r between the
transmitter and receiver changes, the spatial DoFs vary. By
dynamically adjusting the switch circuit in Fig. 2 to keep the
number of activated RF chains around NDoF

2 , BM consistently
maintains the maximum SE improvement.

IV. SIMULATIONS AND DISCUSSIONS

In the simulations, the carrier frequency is set to be 30 GHz,
and the transceivers are equipped with half-wavelength spaced
parallel 256-antenna ULA.

Fig. 3 shows the spectral efficiency of BM at the SNR
from 0 dB to 40 dB. The distance between the transmitter
and receiver is set to 8 meters, corresponding to NDoF = 20.
The real achieved SE in Eq. (5) is evaluated by utilizing
Monte Carlo simulations to compute the expectation. Fig. 3
illustrates that the asymptotic SE in Eq. (13) exceeds the actual

SE at low SNR but perfectly coincides with it at high SNR,
demonstrating the correctness of the asymptotic SE and the
tightness of the UB at high SNR. Additionally, we simulate the
LB optimization scheme when NT

RF = 1 for comparison, as
indicated by the black dashed line in Fig. 3. It can be observed
that at low SNR, the LB optimization slightly outperforms
the UB optimization by approximately 0.05 bps/Hz, while
both are identical at high SNR regions. This is because the
LB is tight at both high and low SNRs, whereas the UB
is only tight at high SNRs, which has been discussed in
Remark 2. However, the LB optimization has significantly
high complexity, whereas the UB optimization achieves a
solution with much lower complexity, with only negligible
performance loss at low SNRs. Therefore, UB optimization
is more suitable for practical applications. Meanwhile, the
asymptotic SE approximation in Eq. (17) almost coincides
with the asymptotic SE in Eq. (13), confirming the accuracy
of the approximation. Similarly, the approximation in Eq. (18)
is validated to be correct. Additionally, we have plotted the
results for NT

RF = 1 and NT
RF = 2. It can be observed

that the spectral efficiency improvement of BM changes from
4.32 bps/Hz to 7.56 bps/Hz, corresponding to log2

(
NDoF

1

)
to

log2

(
NDoF

2

)
. The correctness of Eq. (19) is further verified.

The detailed variation of the SE improvement brought
by DABM along with the decrease in distance between the
transmitter and receiver is shown in Fig. 45. Both BBT and
BM maintain the same number of RF chains. When NT

RF is
related to the distance, BBT becomes DAP as described in
[8]. The SE improvement is quantified by comparing the SE
of BM to that of BBT. As the distance decreases and the
DoFs increase, the SE improvement is more significant for all
curves. Obviously, compared to BM with a fixed number of
RF chains, DABM achieves the maximum SE improvement.
When NT

RF satisfies Eq. (20), BM with fixed number of RF
chains can reach the maximum SE improvement.

The impact of the number of RF chains on the SE im-
provement of BM is investigated in Fig. 5. Obviously, when
the number of RF chains is around NDoF

2 , the SE improvement
is maximized, intuitively proving the correctness of Eq. (19).
When NT

RF = NDoF, BM degrades to BBT. This indicates that

5To focus on the impact of DoFs, we ignore the large-scale fading caused
by distance, i.e., ∥H∥2F remains constant with distance variation.
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BBT is the optimal scheme when the sufficient RF chains
are available. However, when the number of RF chains is
limited (NT

RF < NDoF), BM enhances the near-field SE. The
maximum SE improvement is achieved when (20) is satisfied.
Thus, by using switch circuit to flexibly activate RF chains
according to (20), DABM can obtain the maximum SE gain.

To evaluate the impact of time-varying channels caused
by fast fading, we model the time-varying channel as an
error model: H = Hs + Ht, where Hs represents the static
part, and Ht represents the time-varying part. The extent of
channel variation due to fast fading is represented by ∥Ht∥2

F

∥Hs∥2
F

.
In Fig. 6, it can be observed that time-varying channels cause
performance degradation for both BM and BBT schemes, but
BM still outperforms the BBT scheme, indicating that the BM
scheme remains effective under similar channel conditions.

V. CONCLUSION

In this letter, we proposed the DABM scheme to enhance
the SE in the near-field. We analyzed the SE of BM and
derived a more concise UB on SE. The relationship between
the SE improvement and the number of RF chains has been
established. Also, a closed-form solution has been derived,
indicating that the number of RF chains should be around
NDoF

2 for maximum SE improvement. Simulation results vali-
date the correctness of the analysis and show that BM achieves
the performance improvement when the number of RF chains
is limited. Moreover, the proposed DABM offers the optimal
performance gains as the distance varies. Our future research
will focus on codebook-based BM to reduce the dependence
on channel estimation.

APPENDIX A
SE LOWER BOUND OF R(p) OPTIMIZATION

According to Theorem 1 in [16] or the Proposition 1 in
[18], the LB of SE in (5) is given as follows

RL(p) = −
|F|∑
i=1

pi log

 |F|∑
j=1

pj
|det (Σi +Σj)|

−Nr log e.

(21)
Furthermore, the LB adding a constant gap Nr(log e − 1) is
proved to be tight in both the low and high SNR regime by
Proposition 1 in [16]. Then the optimization of exact SE R(p)

can be transferred into the optimization of RL(p), which can
be written as

max
p

RL(p) subject to
K∑
i=1

pi = 1, pi ≥ 0. (22)

Since the expression of LB is still too complicated, it is
difficult to obtain a closed-form solution. It can be solved
by a numerical optimization approach. Specifically, the [18]
provides a gradient descent algorithm, which we employ to
solve the LB optimization problem. The complexity of the
gradient descent algorithm is O(NiterK

3N3
r ), which is much

higher than that of UB optimization O(KN3
r ).
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