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ABSTRACT In this paper, we analyze the performance of downlink transmission in a space division
multiple access (SDMA) millimeter-wave (mmWave) system with beam selection, where antenna arrays
are considered at a base station (BS) and users. Under the assumption of limited scattering environment,
we propose a simplified approach to analyze the downlink performance of the SDMA system. In this scheme,
the throughput for each BS beam is approximated by a binary random variable for tractable analysis and
an approximate closed-form solution for the downlink sum rate is derived. It is shown that the predicted
throughputs by the proposed method reasonably agree with simulation results.

INDEX TERMS Space division multiple access (SDMA), millimeter wave (mmWave), antenna arrays,
performance analysis, binary random variable.

I. INTRODUCTION
The millimeter-wave (mmWave) band, which can provide a
large available spectral resources [1]–[4], has been widely
studied for the next generation cellular system, namely 5G,
to meet the high-speed wireless service requirements [5].
Compared with ultra high frequency (UHF) bands employed
in existing cellular systems, signals transmitted over an
mmWave channel may experience high path loss [6]–[8].
Thus, it is generally expected to have few paths in mmWave
band [1], [9]–[11]. The resulting environment is referred to as
limited scattering environment as opposed to rich scattering
environment that is typical in UHF bands.

In space division multiple access (SDMA) systems, dif-
ferent downlink transmission strategies have been studied
in UHF bands [12]–[14], where beamforming at a base sta-
tion (BS) plays a significant role in compensating for the
high propagation attenuation and improving spectral effi-
ciency [15]–[20]. For beamforming in mmWave systems,
antenna arrays with a large number of elements are gener-
ally equipped at the BS and users to extend communication
range [1], [21]. Unfortunately, due to the large-scale antenna
arrays, the implementation of radio frequency (RF) hard-
ware has become one of the main difficulties in mmWave

systems [22]. In such a case, hybrid beamforming using
analog and digital beamformers has been studied to solve this
implementation constraint [23], [24]. With a small number
of RF chains, [11] proposed a hybrid precoder using analog
phase shifters and digital precoders under limited scattering
environments. In [25], Rajashekar and Hanzo considers a
hybrid beamformer for a more practical system, where the
hybrid beamforming matrices are designed by employing a
finite input alphabet instead of Gaussian symbols. As an alter-
native approach, beam selection with a set of pre-determined
beams can also be considered [26]. One of the advantages of
beam selection lies in the low-complexity of beamforming
compared with conventional hybrid approaches. Specifically,
beam selection inmmWave systems is a special case of hybrid
beamforming, in which the digital beamformer can be seen as
an analog beam selector.

The above mentioned works mainly consider beamform-
ing methods for mmWave systems, where performance was
valuated by simulation. To the best of our knowledge, few
studies have been focused on the performance analysis of
mmWave systems with beamforming, especially on deriv-
ing closed-form expression of achievable sum-rate. Different
from these works, in this paper we analyze the performance
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of downlink SDMA in an mmWave system with beam selec-
tion [12]. The performance analysis is challenging due to
the interaction between user beamforming [27], [28] and
BS beamforming with pre-determined codebooks for beam
selection. Therefore, with certain assumptions for tractable
analysis, we propose approximate closed-form solutions for
the downlink sum-rate under different channel conditions,
where the throughput of each BS beam is approximated
by a binary random variable. With these manipulations, we
derive an approximate closed-form expression for down-
link throughput in SDMA mmWave systems. Numerical
results show that the analytical sum-rate performance derived
by the proposed method reasonably agree with simulation
results.

The rest of the paper is organized as follows. Section II
presents the system model for SDMA mmWave systems
using antenna arrays and discusses the downlink sum-rate
with user beam selection strategy. Furthermore, some nec-
essary assumptions for tractable analysis are also stud-
ied. In order to apply the simplified approach to analyze
the performance, the effectiveness of user beamforming
is discussed in Section III. In Section IV, approximate
closed-form solutions for downlink throughput with different
channel coefficient conditions are derived and the effect of the
number of BS beams on downlink performance is analyzed.
Simulation results are presented and discussed in Section V
and the paper is concluded in Section VI.
Notation: Vectors and matrices are presented by lowercase

and uppercase bold letters, respectively. The transpose and
Hermitian transpose are denoted by superscripts T and H,
respectively. Present byCn×m as the n×m-dimensional com-
plex space. The statistical expectation is presented by E[·].
While CN (a,R) denotes the distribution of circularly sym-
metric complex Gaussian (CSCG) random vectors with mean
vector a and covariance matrix R.

II. ANALYSIS OF USER BEAM SELECTION
IN mmWave SYSTEMS
In this section, we consider an opportunistic SDMAwith user
beam selection based on [12].

A. SYSTEM MODEL
Throughout the paper, we consider a frequency-division
duplexing (FDD) based cellular system constitutes one BS
and U users. As shown in Fig. 1, antenna arrays with LB and
LU elements are equipped at the BS and users, respectively.
Although hybrid beamforming implementation is employed
in mmWave systems, the computational complexity is still
high as full channel state information (CSI) feedback and
precoding are required. Thus, in this paper, we assume that
the beams are formed by analog beamformers with pre-
determined phases (i.e., a hybrid beamformer where the
beamforming is implemented in RF domain and the digital
precoding is merely a beam selector) at the BS. In this case,
beamforming becomes beam selection with a set of pre-
determined beams.

FIGURE 1. System model for the SDMA mmWave system with beam
selection.

Let V be the set of beams at the BS and |V| = K . The
downlink pilot signal from the BS array is given by

z =
K∑
k=1

vkdk (1)

where vk is the k-th beam in V and dk is the pilot signal for
the k-th beam. Hence, the received signal vector at user u
becomes

yu = Huz+ nu

=

K∑
k=1

Huvkdk + nu (2)

whereHu ∈ CLU×LB denotes the downlink channel to user u,
and nu ∼ CN (0, σ 2I) denotes the background noise vector.
Moreover, we assume E[|dk |2] = P/K , i.e., the total transmit
power is P.
According to [9] and [29], mmWave channels would be

characterized by few strong paths. Thus, the channel matrix,
Hu, can be found as

Hu =

Q∑
p=1

hu,pb(ψu,p)aH(θu,p) (3)

where Q is the number of paths between the BS and a
user. For simplicity, we assume that the number of paths is
the same for all users. As mentioned above, due to limited
scattering in mmWave channels, Q is not large and usually
2 or 3 on average [9]. Let hu,p denote the channel coefficient
of the p-th path. The angle-of-arrival (AoA) and angle-of-
departure (AoD) are presented by ψu,p and θu,p, respectively.
In this paper, we assume that ψu,p and θu,p are indepen-
dent and uniformly distributed. Here, b(ψ) ∈ CLU×1 and
a(θ ) ∈ CLB×1 denote the array response vectors (ARVs)
of the user and BS arrays, respectively. For the sake of
simplicity, we consider a uniform linear array (ULA) with
half-wavelength spacing and the ARVs are normalized as
||b(ψ)|| = ||a(θ )|| = 1. In this case, the ARV of the
BS becomes

a(θ ) =
1
√
LB

[1 e−jπ sin θ . . . e−j(LB−1)π sin θ ]T. (4)
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Although the ULA is considered in the paper, it is straight-
forward to extend the channel model and beam selection with
uniform planar array (UPA) [11], because similar assump-
tions as S1)- S2) in Subsection II-C could also be satisfied
to simplify the analysis.

It is noteworthy that multiple mini-slots of random orthog-
onal beams are used in [12] for beam selection under a
rich scattering environment. To find the best set of random
orthogonal beams for a given group of users, multiple sets of
beams are generated and transmitted over multiple mini-slots.
Thus, it is desirable to have more sets of random orthogonal
beams or more mini-slots for a better performance. However,
since the pilot signaling overhead increases with the number
of mini-slots, there is a trade-off and an optimal number of
mini-slots can be found [12]. In mmWave channels, as men-
tioned earlier, due to limited scattering environments, multi-
ple sets of beams may not be useful to understand the system
performance which has been studied in [30]. In this paper,
with a set of K near orthogonal beams that are obtained by
the ARV of the BS with quantized AoDs, the pilot training
can be carried out as above. Note that in our case, we do not
use multiple mini-slots (we only use one slot).

B. USER BEAM SELECTION AND DOWNLINK
THROUGHPUT
Due to the implementation difficulties and computational
complexity, in this paper, we consider analog beamformer
with fixed-beams at users.

Suppose that each user has a codebook of pre-determined
beamforming vectors, which is denoted by Wu =

{wu,1, . . . ,wu,NU }, where NU represents the number of
beams at a user. From (2), the beamformer output of the
q-th beam at user u becomes

su,q;k = wH
u,qyu

= wH
u,qHuvkdk +

∑
l 6=k

wH
u,qHuvldl + wH

u,qnu. (5)

Throughout the paper, we assume ||vk || = ||wu,q|| = 1 for
normalization purposes.

At user u, from (5), the signal-to-interference-plus-noise
ratio (SINR) of BS beam k at user beam q can be written as

Au,q;k =
|wH

u,qHuvk |2

K/ρ +
∑

l 6=k |wH
u,qHuvl |2

(6)

where ρ = P/σ 2. In (6), the interference power term,∑
l 6=k |w

H
u,qHuvl |2, is regarded as the inter-beam inter-

ference (IBI) results from the other beams. Thus, the
SINR related to the k-th BS beam at user u is given by

Au;k = max
1≤q≤NU

Au,q;k . (7)

According to [12], based on the users’ feedback signals
(BS beam indexes and the corresponding SINR values), the
BS allocates the k-th beam to the user with the highest SINR.

Then, the downlink throughput can be computed as

C =
K∑
k=1

log2

(
1+ max

1≤u≤U
Au;k

)
. (8)

While the beam selection approach is based on [12], its
performance analysis is different from that in [12] due to
various reasons. One of them is the existence of user arrays.
Another is the different channel environment. In the follow-
ing analysis, we consider the beam selection under limited
scattering environments.

C. SIMPLIFICATIONS USING mmWave CHARACTERS
For tractable reasons, we have the following assumptions
according to the characters of mmWave.
S1) Denote 9q as the set of possible AoAs of the received

signals related to the q-th user beam. Let ∪q9q = 9,
and we assume that

|wH
u,qb(ψ)|

2
=

{
1, if ψ ∈ 9q;

εU , otherwise
(9)

where εU � 1 and 9j ∩9q = ∅, j 6= q. Moreover, 9q’s
are equally divided and q = 1, . . . ,NU .

As discussed in S1), the entire space of the AoAs can be
covered by user beams, {wu,1, . . . ,wu,NU }, shown in Fig. 2.
Clearly, if ψ /∈ 9q, we have |wH

u,qb(ψ)|
2
= εU � 1. Note

that wu,q would be the ARV of the center AoA of 9q. In this
case, for ψ ∈ 9q, the claim that |wH

u,qb(ψ)|
2
= 1 in S1) may

not be true, but the approximation would be reasonable since
LU is expected to be large in mmWave systems.

FIGURE 2. An illustration of the set of user beams.

S2) The beamforming vectors at the BS are generated as

|aH(θ )vk |2 =

{
1, if θ ∈ 2k ;

εB, otherwise
(10)

where 2k denotes the set of the AoDs for the k-th
BS beam. Again,2k ’s are equally divided. Furthermore,
2k ∩2m = ∅, k 6= m, and ∪k2k = 2, where 2 is the
set of all possible AoDs.

The rationale of S2) is similar to that of S1) and is omitted
here.
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III. THE EFFECT OF USER BEAMFORMING
In this section, based on the discussions in Subsection II-C,
we focus on the role of the user beamformer with the channel
matrix described in (3) and propose a simplified model for
user beamforming.

Under S1) - S2), we have the following definition.
Definition 1: With Q paths, suppose that

θu,1 ∈ 21, θu,2 ∈ 22, . . . , θu,Q ∈ 2Q. (11)

It is claimed that user beamforming is effective if

|wH
u,ib(ψu,j)|

2
=

{
1, i = j;
εU , i 6= j,

for i = 1, . . . ,NU and j = 1, . . . ,Q. (12)

Otherwise, it is ineffective.
For illustration purpose, the case of ineffective beamform-

ing with Q = 2 is shown in Fig. 3, where θu,1 ∈ 21 and
θu,2 ∈ 22. We can find that |wH

u,jb(ψu,1)|
2
=

|wH
u,jb(ψu,2)|

2
= 1 based on S1). Thus, the spatial diversity

at the user side cannot be fully exploited which results in
ineffective user beamforming.

FIGURE 3. An illustration of ineffective beamforming with Q = 2.

Denote by Pe(Q) the probability of effective user beam-
forming with Q paths. Then, we have the following results.
Lemma 1: Under S1) - S2), we assume that θu,i, for i =

1, . . . ,Q, where Q < K, is in a different 2l , l = 1, . . . ,K.
For any Q ≥ 2, Pe(Q) becomes

Pe(Q) =

∏Q−1
i=1 (NU − i)

NQ−1
U

. (13)

Proof: As we assume that Q paths are located in dif-
ferent BS beams (suppose that Q = 2, if θu,1 ∈ 91 and
θu,2 ∈ 91, the two paths are merged, this becomes the case
of Q = 1). Let ψu,1 ∈ 91, we have Pr (ψu,2 /∈ 91) =

NU−1
NU

.
If ψu,2 ∈ 92, we have Pr (ψu,3 /∈ 91 ∪92) =

Nu−2
NU

. Thus,

the probability of (12) becomes
∏Q−1
i=1 (NU−i)

NQ−1
U

.

As a result, the probability of effective user beamforming
decreases with Q for a large NU . To illustrate it intuitively,
the probabilities of effective user beamforming with differ-
ent values of Q are shown in Fig. 4, where K = 20 and
NU = {40, 50}.

FIGURE 4. The probability of effective user beamforming with Q.

Clearly, we can find that the probability of the effective
beamforming decreases with Q which confirms (13). More-
over, it is noteworthy that the value of the probability is
prohibitively high under limited scattering environment and
Pe(Q) = 0.9263 with Q = 3 when NU = 40. That is, with
a high probability, there might be a user beam q that satisfies
|wH

u,qb(ψu,p)|
2
= 1 for a p of |aH(θu,p)vk |2 = 1. This is

regarded as effective user beamforming. With the approxi-
mation of effective user beamforming, we can simplify the
performance analysis of downlink transmission in mmWave
systems.

IV. PERFORMANCE ANALYSIS OF DOWNLINK
SDMA mmWave SYSTEMS
In this section, we discuss the downlink throughput for the
performance analysis. According to (13), we assume that
the user beamforming is effective. In this case, with certain
characters of mmWave, we model the channel coefficient as a
constant value and derive an approximate downlink through-
put by using a binary random model of the SINRs. After that,
we consider the impact of the number of BS beams on the
downlink throughput. Moreover, to validate the performance
trend over K , we also analyze the system performance with
Rayleigh fading channel coefficients and provide a closed-
form expression of the achievable sum-rate.

A. AN APPROXIMATE CLOSED-FORM SOLUTION
FOR DOWNLINK SUM-RATE
To derive the approximate closed-form expression of the
system achievable throughput, we first consider the following
assumption.

S3) The channel gains are the same for all u and p [29], i.e.,

|hu,p|2 = |h|2 = 1. (14)

In S3), considering the independent path loss of different
paths, the channel coefficient in (14) is not generally true.
However, with this assumption, we can analyze the impact
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of K on system performance intuitively. Moreover, when the
distances between the BS and users are almost the same, such
as air-based network communications, it would be reasonable
to set the channel coefficient as a constant.
Lemma 2: Under S1) - S3), Au;k can be formulated as a

random variable given by

Au;k

{
≥ µ w.p. Pµ;
≤ λ w.p. 1− Pµ

(15)

where µ = 1
K/ρ+(K−1)εB

, λ = 1
K−1 , and Pµ = 1− e−

Q
K .

Proof: Suppose that there exits at least one path p such
that |aH(θu,p)vk |2 = 1 for a user. The resulting SINR in (7)
is given by

Au;k

= max
q

|wH
u,q
∑Q

p=1 hu,pb(ψu,p)a
H(θu,p)vk |2

K/ρ +
∑

l 6=k |wH
u,q
∑Q

p=1 hu,pb(ψu,p)a
H(θu,p)vl |2

=
|
∑Q

p=1 hu,pa
H(θu,p)vk |2

K/ρ +
∑

l 6=k |
∑Q

p=1 hu,pa
H(θu,p)vl |2

≥ max
p

|aH(θu,p)vk |2

K/ρ +
∑

l 6=k |aH(θu,p)vl |2
, (16)

because there is a user beam, say user beam q, that satisfies
|wH

u,qb(ψu,p)|
2
= 1 for a p of |aH(θu,p)vk |2 = 1. Due to S2),

we have

Au;k ≥ µ =
1

K/ρ + (K − 1)εB
. (17)

The probability of (17) is equivalent to the probability that
there is at least one path that belongs to the k-th beam, which
can be calculated as

Pµ = 1− Pr(|aH(θu,p)vk |2 ≤ εB for all p)

= 1−
(
K − 1
K

)Q
. (18)

Since K−1
K can be written as 2log2(1−

1
K ) and log2(1 + x) ≈

x log2 e when x ≈ 0, (18) becomes

Pµ = 1−
(
2log2(1−

1
K )
)Q

≈ 1−
(
2−

1
K log2 e

)Q
= 1− e−

Q
K (19)

where the inequality tends to equality increasingly with K .
On the other hand, if the k-th BS beam is not included in all

paths of a user, the SINR becomes either Au;k =
εB

K/ρ+(K−1)εB
or εB

K/ρ+1+(K−2)εB
(i.e., one of |aH(θu,p)vl |2, l 6= k is 1),

which satisfies

Au;k ≤ λ =
1

K − 1
. (20)

The corresponding probability is 1− Pµ.

According to Lemma 2, for tractable analysis, Au;k would
be modeled as a binary random variable with Au;k ∈ {µ, λ}
and the Au;k ’s are independent. Thus, the throughput for each
BS beam, Xk , becomes a binomial random variable given by

Xk = max
1≤u≤U

log2(1+ Au;k )

=

{
log2(1+ µ), w.p. Pµ(U );
log2(1+ λ), w.p. 1− Pµ(U )

(21)

where

Pµ(U ) = 1− (1− Pµ)U

≈ 1− e−
QU
K . (22)

From (8), since C =
∑K

k=1 Xk , the mean of C can be
calculated as

E[C] =
K∑
k=1

E [Xk ]

= K
[
log2(1+ µ)Pµ(U )+ log2(1+ λ)(1− Pµ(U ))

]
≈ K log2

(
1+

1
K/ρ + (K − 1)εB

)
(1− e−

QU
K ).

(23)

Note that the approximation is reasonable since log2(1 + λ)
can be ignored with a sufficiently large K .

B. THROUGHPUT ANALYSIS
In UHF band, under a rich scattering environment, the down-
link throughput can be optimized by adjusting the number of
training mini-slots in [12]. As mentioned earlier, in mmWave
band, due to limited scattering environments, we do not need
to have multiple mini-slots of random orthogonal beams.
There is a single slot of K beams. To see the impact of the
number of beams, K , on the average throughput in (23), we
consider the case that K ≤ U . It follows

E[C] = K log2

(
1+

1
K/ρ + (K − 1)εB

)
(1− e−

QU
K )

≈ K log2

(
1+

1
K/ρ + (K − 1)εB

)
≈ K log2

(
1+

1
ξK

)
(24)

where ξ = 1
ρ
+ εB that can be considered as a constant

since εB � 1 with near orthogonal beams. Let R̄(K ) =

K log2
(
1+ 1

ξK

)
. The derivative of the average throughput

with respect to K becomes

d
dK

R̄(K ) =
1
ln 2

(
ln
(
1+

1
ξK

)
−

1
1+ ξK

)
≥

1
ln 2

(
1

1+ ξK
−

1
1+ ξK

)
= 0 (25)

where the inequality is due to ln (1+ x) ≥ x
1+x for x ≥ 0.

Thus, R̄(K ) is a nondecreasing function of K . That is, the
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more near orthogonal BS beams generated simultaneously
(i.e., more angular resolution), the higher the sum throughput
in downlink SDMA mmWave systems. However, the limit of
R̄(K ) is bounded as

lim
K→∞

R̄(K ) =
log2 e
ξ

= log2 e
ρ

1+ ρεB
. (26)

It is noteworthy that when ρ → ∞, the performance would
be limited by εB. That is, if ρ →∞, the asymptotic sum-rate
approaches log2 e

εB
. Thus, a small εB is generally desirable.

C. PERFORMANCE ANALYSIS UNDER RAYLEIGH
FADING CHANNELS
Without loss of generality, in this subsection, we discuss the
system performance with small-scale fading channel coeffi-
cient. As in [11], the channel coefficients, hu,p’s, are assumed
to be i.i.d. CN (0, 1) here. For convenience, we use h instead
of hu,p in the following analysis. Then, Xk in (21) becomes

Xk =


log2(1+

|h|2

K/ρ + (K − 1)εB|h|2
), w.p. Pµ(U );

log2(1+
1

K − 1
), w.p. 1−Pµ(U ),

(27)

and the average sum-rate is derived as

E[C] =
K∑
k=1

E [Xk ]

= KE
[
log2

(
1+

|h|2

K/ρ + (K − 1)εB|h|2

)]
Pµ(U )

+ K log2
(
1+

1
K − 1

)
(1− Pµ(U ))

≈ KE
[
log2

(
1+

|h|2

K/ρ + (K − 1)εB|h|2

)]
Pµ(U )

= K
∫
∞

0
log2

(
1+

x
K/ρ + (K − 1)εBx

)
e−xdxPµ(U )

(28)

where f (x) = e−x is the probability density function (pdf)
of |h|2.
Next, we compute the closed-form of E[C]. Based on

Jensen’s inequality, the expectation in (28) is upper-bounded
by [31]

E
[
log2

(
1+

|h|2

K/ρ + (K − 1)εB|h|2

)]
≤ log2

(
1+ E

[
|h|2

K/ρ + (K − 1)εB|h|2

])
= log2

(
1+

∫
∞

0

xe−x

K/ρ + (K − 1)εBx
dx
)

= log2

(
1+

γ

ω2 e
γ
ωEi

(
−
γ

ω

)
+

1
ω

)
(29)

where γ = K/ρ, ω = (K − 1)εB, and Ei(x) =
−
∫
∞

−x e
−r/rdr .

Thus, an approximate closed-form of E[C] is given by

E[C] =
K∑
k=1

E [Xk ]

≤ K log2

(
1+

γ

ω2 e
γ
ωEi

(
−
γ

ω

)
+

1
ω

)
Pµ(U ). (30)

Note that although the closed-form expression is an upper-
bound, the performance difference is marginal which can be
observed in Section V.

V. SIMULATION RESULTS AND ANALYSIS
In simulations, we consider users in a sector as illustrated
in Fig. 1. Thus, we have 2 = (−60◦, 60◦). Moreover,
according to (4), the BS beams, {vl}, are generated as

vl = a(θ̂l), l = 1, . . . ,K (31)

where θ̂l = lδθ+θoffset. Here, δθ = 120◦
K and θoffset = −60◦−

δθ
2 . In addition, we set 9 = (−60◦, 60◦) and the signal-to-
noise ratio (SNR), ρ, to 20 dB at any user.

Note that in S2), we have |aH(θ )vl |2 = 1 if θ ∈ 2l , which
is not true in general with the beams in (31). Thus, we need
to modify this assumption with the results from the designed
beams. If θ ∈ 2l , we have |aH(θ )vl |2 = G, where

G =
maxθ∈2l |a

H(θ )vl |2 +minθ∈2l |a
H(θ )vl |2

2
≤ 1. (32)

The value of εB in (17) is the cross-correlation found from the
beams in (31).

For comparison, seven different simulations1 are consid-
ered as follows:
• ‘‘Analytical’’: simulations using (23);
• ‘‘R-analytical’’: simulations using (23) with the modi-
fied gain in (32);

• ‘‘Idealized analytical’’: simulations using (24);
• ‘‘Analytical-Ray’’: simulations using (28);
• ‘‘Analytical-Ray-CF’’: simulations using (30);
• ‘‘Realistic’’: simulations using opportunistic beamform-
ing strategy with the channel coefficient in (14);

• ‘‘Realistic-Ray’’: simulations using opportunistic beam-
forming strategy within Rayleigh fading channels.

Figs. 5 and 6 show simulation results for the throughputs
when K varies from 12 to 30 with U = 30 and U = 50,
respectively, where LB = 40 and LU = 10. Obviously, the
average throughput with U = 50 is higher than that with
U = 30 since more multiuser gain can be exploited, which
can also be illustrated through (22) and (23). Note that the
performance obtained by the three analytical methods closely
follows the ‘‘Realistic’’ curve, especially for a large number
of users and moderate value of K that satisfies K ≤ U .

1Note that the simplifications in Subsection II-C are not considered when
running ‘‘Realistic’’ and ‘‘Realistic-Ray’’ simulations.
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FIGURE 5. Average throughput with variable K with U = 30 when Q = 3
and NU = 20.

FIGURE 6. Average throughput with variable K with U = 50 when Q = 3
and NU = 20.

We observe that the curve of ‘‘Analytical’’ is slightly higher
than that of the ‘‘R-analytical’’ as G ≤ 1 from (32). In addi-
tion, ‘‘Idealized analytical’’ provides the highest throughput
as we set εB = 0.001 which cannot be a constant in the real
scenario. However, it might be a reasonable approximation
with a moderate value of K and the trend agrees with that of
the realistic one.

In Fig. 7, we present the simulation results for different
numbers of user beams with U = 30. For ‘‘Realistic’’
curve, clearly, the throughput increases with NU . Moreover,
the improvement becomes less significant when NU is suf-
ficiently large, since the user beamforming becomes suffi-
ciently effective. That is to say, the analytical method with
the simplifications in Sections III and IV can provide a good
approximation for the performance analysis if users employ
a sufficiently large number of beams. Again, the throughput
from ‘‘Idealized analytical’’ provides the highest one as we
set εB = 0.001.

When U = 50, as shown in Fig. 8, the performance gap
between realistic and analytical methods becomes less signif-
icant sincemoremultiuser gain can be exploitedwhich results

FIGURE 7. Average throughput with variable NU when K = 16, U = 30,
LB = 40, and LU = 10.

FIGURE 8. Average throughput with variable NU when K = 16, U = 50,
LB = 40, and LU = 10.

in an increasing probability of the effective beamforming
among all users. In summary, the proposed analytical method
can provide reasonable results when NU is large and U ≥ K .
To see the impact of Q on the effectiveness of the pro-

posed method, simulations are carried out with K = 16
and the results are shown in Fig. 9. It is noteworthy that
the performance of two analytical curves closely follows that
of the ‘‘Realistic’’ one which confirms the effectiveness of
the proposed method under limited scattering environment.
In addition, the further increase of Q (Q > 4 in Fig. 9) does
not provide a growing throughput in simulations since more
IBI is involved.

For the performance with Rayleigh fading channel coef-
ficients, the simulations results are shown in Fig. 10. Obvi-
ously, the results of analytical curves closely follow those of
the numerical simulation and the average throughput grows
with K . Furthermore, it can be clearly observed that there is
no noticeable performance difference between ‘‘Analytical-
Ray’’ and ‘‘Analytical-Ray-CF’’, which indicates that (30)
could be used as an approximate closed-form expression.
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FIGURE 9. Average throughput with variable Q when U = 30 and
NU = 12.

FIGURE 10. Average throughput with variable K when U = 30 and
NU = 20 under Rayleigh fading channels.

In addition, we can find that the impact of K on the system
performance follows the discussion in Subsection IV-B.

VI. CONCLUSION
As the mmWave channels would be characterized by much
less paths than those of UHF bands, the existing approaches
for performance analysis may not be useful to understand the
characters in mmWave systems.

In order to analyze the downlink performance of SDMA
mmWave systems with user beam selection, we proposed
an approximate closed-form solution for the sum-rate where
the throughput for each BS beam is formulated as a binary
random variable. Moreover, unlikely the beam selection in
UHF channels, when the number of users is more than
that of the BS beams, we demonstrated that the downlink
throughput increases with more angular resolution at the BS.
It was shown that the throughput obtained from the proposed
analytical method agrees with that from simulations, which
confirms the effectiveness of the proposed analysis method
in SDMA mmWave systems.
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