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In modern wireless communication systems, orthogonal pilot signals has been generally employed
in estimation of the channel state information. However, orthogonal pilot signals are inadequate
for supporting the rapidly increasing requirements of communication throughput for 5G-and-beyond
wireless environments, owing to the pilot contamination and short coherence times in high-mobility
situations. To address these concerns, we present a new strategy for making use of non-orthogonal

Keywords:
Channel estimation pilot sequences in channel estimation for multi-cell massive multiple-input multiple-output systems.
Massive MIMO First, we extend prior pilot assignment strategies based on the orthogonality of pilots to the general

Multi-user MIMO
Non-orthogonal sequences
Pilot contamination

case of non-orthogonal pilot signals. Based on the proposed non-orthogonal pilot assignment strategy,
we establish the minimal pilot length that fulfills a requirement for the channel estimate error, under a
given degree of non-orthogonality. Then, we demonstrate validity of the pilot assignment strategy with
the minimal length, which maximizes the entire network throughput. Simulation results show that our
proposed method gives a significantly enhanced performance in terms of the net throughput compared
to that with orthogonal pilot sequences. The performance gain becomes particularly significant with

a higher density of users or shorter coherence time intervals.
© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CCBY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction At the physical layer of modern wireless communication sys-
tems, massive MIMO is a core system for achieving a large
communication capacity via multiple input and output antennas.
The large number of antennas eventually mitigates the interfer-
ence through independent fading channels of individual antennas

[1-3]. Particularly, we may use a simple linear processor to take

The increasing data consumption in mobile environments
has promoted the rapid evolution of wireless communication
technologies through the adoption of massive multiple-input
multiple-output (MIMO) systems with multi-cell multi-user. Ad-

vanced communication schemes that can support a massive num-
ber of devices and provide a high quality of service (QoS) for
large-scale data transmission must be developed. This arises
from the exponential increment in the number of mobile devices
per user and the corresponding requirements for large-scale
data transmission. In addition, artificial intelligence (Al)-based
systems and devices such as real-time surveillance systems, au-
tomated smart factory machines, and self-driving cars are likely
to demand extremely high-performance data transmissions via
5G-and-beyond wireless communication systems in the future.
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advantage of the massive MIMO approach due to the channel
hardening property presented in [1]. However, due to the limited
number of antennas, the channel hardening property is difficult
to be ideal in practical scenarios. Therefore, to acquire channel
state information (CSI) between a user equipment (UE) and a
base station (BS), we employ pilot channel estimation with the
channel hardening property. In a massive MIMO system, the CSI
attained from the uplink pilot transmission can be utilized for
channel estimation in downlink transmission within a coherence
time, given channel reciprocity. Pilot sequences are utilized as
signals in this way to estimate the channels of each user. A pilot
sequence set can be viewed as a collection of complex vectors
in the same dimension. In an orthogonal pilot sequence set, any
two sequences are orthogonal in the sense of inner product of
vectors. If the orthogonality is not satisfied, it is a non-orthogonal
pilot sequence set. The magnitude of interference coming from
signals transmitted by other users has a significant impact on
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how well channel estimation is performed. This effect is deter-
mined from the properties of the employed pilot signals. Thus,
a suitable pilot sequence set should be adopted for the purpose
of maximizing network capacity. An orthogonal sequence set has
frequently been used as a pilot sequence set because two orthog-
onal pilot signals are easily separated from one another. For a
multi-cell system, the simplest way to provide pilot sequences is
to reuse a single orthogonal pilot sequence set for every cell [3].
Unfortunately, the deployment of small cells in 5G-and-beyond
communication systems results in channel estimation interfer-
ence between users who are using an identical pilot sequence,
which is called pilot contamination. There are several known
studies on mitigation of pilot contamination, which are based on
precoding, spatial correlation, pilot design/coordination [3-18].

If fully distinct orthogonal pilot sequences could be distributed
to all users in a multi-cell scenario, the contamination can be
zero-forced. However, it is impossible since a larger number of or-
thogonal sequences requires pilot signals occupy a larger portion
of the coherence time. The coherence time tends to be reduced
in high-mobility situations, such as in vehicle communications.
Previous studies with pilot design have focused on employing
deliberate pilot reuse strategies to alleviate the pilot contamina-
tion effect while maintaining the orthogonality of pilot sequences.
In [19,20], it was suggested to employ an optimization method
for a hierarchical pilot reuse scheme that maximizes the overall
network throughput. Specifically, they formulated the optimal
pilot length Npo; and reuse patterns of orthogonal pilot sequence
sets for hexagonal multi-cell systems with a number of users per
cell K, number of contiguous hexagonal cells L, and normalized
coherence time N.o,. Another approach is to design a typical set
of pilot sequence vectors that alleviates the pilot contamination
effect by considering orthogonal as well as non-orthogonal cases.
In [5], the authors designed complex-valued non-orthogonal pi-
lot sequences with minimum mean-squared errors (MMSE) by
solving the line packing problem on a complex Grassmannian
manifold. In their work, the variance of the channel estimation
error is calculated, and a design criterion of non-orthogonal pilot
sequences that minimizes the channel estimation error is given.
In [6], the authors proposed a generalized Welch-bound-equality
sequence design-based approach to produce non-orthogonal pilot
signals. The algorithm returns a pilot design achieving the user
capacity, where the capacity is the maximum number of users
in the overall multi-cell system that satisfies the given signal-
to-inference-plus-noise ratio (SINR) requirements in downlink
transmissions. Recently, in [17], the authors suggested a coordi-
nated pilot sequence optimization method across multiple cells
based on fractional programming.

In this study, we focus on an optimal pilot reuse strategy
that maximizes the capacity over entire systems when non-
orthogonal pilot sequence sets are adopted. For orthogonal pilot
cases, only the interference from other cells that reuse the same
pilot sequence determines the pilot contamination effect. By
contrast, for non-orthogonal cases, more users can be supported
using distinct non-orthogonal pilot sequences, but all other users
with non-orthogonal pilot signals interfere with the channel
estimation. Therefore, the optimal pilot reuse strategy across
multiple cells for non-orthogonal pilot cases is quite different
from that for orthogonal cases. Our main contributions can be
summarized as follows:

e We formulate a certain condition for reducing the MSE
in channel estimation with the non-orthogonal sequences,
then derive a minimal length of the non-orthogonal pilot
signals to satisfy the MSE condition.

e We determine the optimal pilot reuse pattern that maxi-
mizes the net-sum rate of the overall system.
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e Via extensive simulation results, we demonstrate that the
pilot reuse strategy employing the non-orthogonal pilot se-
quence sets shows a growing gain in total net-sum rates
as compared to the orthogonal pilot reuse strategy as the
user density increases and the coherence time shrinks. In
particular, the non-orthogonal pilot set shows a net sum
rate per user significantly greater than that of the orthogonal
pilot set when the normalized coherence time is less than 90
and the number of users is greater than 10.

The organization of the manuscript is as follows. In Section 2,
we explain the multi-cell massive MIMO system model. In Sec-
tion 3, we study the optimal pilot assignment strategy in [19,20]
with orthogonal pilot signals, and derive the MSE of channel es-
timation as well as the net-sum rates in the non-orthogonal case.
We derive the pilot assignment vector and the minimal length of
the non-orthogonal pilot signals in Section 4. We present some
simulation curves on the net throughput in Section 5. We finally
discuss some concluding remarks in Section 6.

2. System model

We assume a multi-cell massive MIMO system with one BS
and M antennas per cell to accommodate K independent users
with a single antenna. Except for the cell to which they are
allocated, users in all L cells can interfere with one another. When
the channel reciprocity is maintained, the channel vector h €
CM*1 represents the CSI between a BS and a user. We denote the
small-scale fading factor as g € CM*!, and the large-scale fading
factor as 4/B. The channel vectors for uplink and downlink within
the coherence time are denoted by h and h", respectively, where
h = ./Bg, and H represent the Hermitian of a vector. In Fig. 1,
the CSI between the kth user in the ith cell and the BS in the Ith
cell is denoted by h;;,. Moreover, the received signal Y;, € CcMxz
at the tth target user in the Ith cell is given as follows:

L K
Y, =\/§Z > &i/Bidy, + Wi, (1

i=1 k=1
where gj; is the small-scale fading factor from the kth user at the
ith cell to the BS in the Ith cell, and \/ﬁlk is the large-scale fading
factor from the kth user at the ith cell to the Ith cell. Note that
gs are considered to be independent and identically distributed
according to the characteristic of massive MIMO systems. Besides,
po denote the signal power, 7 is the pilot signal length, ¢;, € clxs
represent a pilot signal vector for the kth user in the ith cell.
The additive white Gaussian noise matrix is also expressed as
W, € C™*7, for the tth user in the Ith cell. If we denote the
coherence time as T, and the delay spread as Tg, then we have
Neon = Teon/Taer, which is called the normalized coherence time
by delay spread, and is a measure to assess the performance of a
communication system under a variety of channel conditions.

From [21], it is known that the signal-to-interference ratio at

the tth user in the Ith cell during downlink data transmission, can
be written as

2
Bi,
2
Zi;&l Bii,

when M goes to infinity, under use of orthogonal pilot signals.

SIR = (2)

3. Pilot analysis

In this section, backgrounds and strategies in [5,19,20] will
be firstly reviewed. Then, those will be combined with the char-
acteristics of non-orthogonal pilot sequences to derive network
throughput under the assumptions in massive MIMO systems.
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Fig. 1. Interfering cells with uplink and downlink.
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Fig. 2. Three-division pilot assignment.

3.1. Pilot assignment in massive MIMO

We suppose that pilot signals are obtained from the t-dimen-
sional complex sphere line packing method [5]. In general, the
effect of pilot contamination can be measured in terms of inner
product of two vectors. Clearly, the number of distinct non-
orthogonal sequences are more than the number of distinct or-
thogonal sequences within the space of same dimension. For
instance, only three orthogonal vectors (¢ = 90°) can be picked
up on the 3-dimensional sphere, while four more points with 6 =
45° can be selected. Let ¢4 and ¢ be two vectors of pilot signals
for users A and B, respectively. The non-orthogonality between ¢,
and ¢ is given by

s - ¢ = T COSOsp, (3)

where 6,5 is the angle between the two pilot vectors. Note that
0 < ¢4 - ¢p < t. Therefore, cosfsz can be used to illustrate the
effect of pilot contamination.

We employ the three-division strategy in [19,20] for pilot
assignment. As in Fig. 2, L cells consist of units of three cells that
locate with the same grid distance. In Fig. 2a, a pilot signal set is
shared by cells with the same color. The tree structure with three
division in Fig. 2b shows the grid distance among cells based on
the depth. A vector p is defined to represent the pilot assignment
state to examine the impact of pilot contamination by different
cell clustering states. We also use K single-user pilot assignments
over L cells, in which there are as many tree structures as there
are users for the single-user situation with L cells. The valid set
of pilot assignment vectors generated from the three-division
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strategy can be written as

logz L—1
Pig =P = (Po.P1.-- - Plogsi—1) :0 < pg < K3%, Z pa3™ = K} ,

(4)

where py is the pilot reuse factor which means number of cells
at depth d. Let Noy(p) denote the length of the orthogonal pilot
sequence given the pilot assignment vector p, which is written
as

logz L—1

Da- (5)
)
=0

Note that Nop(p) can be also considered as the number of distinct
sequences in the pilot signal set. In [20], the assignment vector p
which maximize the network capacity is given as

Nop (p) =

d Nop (p)—K
Y k3 — MK d=x
pa=13 (M0 - yIK3), d=x+1 (6)
0, otherwise

where x = min {kl ZS o K3 > W} Similarly, we define

an( B r) as the number of distinct non-orthogonal pilot se-
quences whose lengths are t, where p, is the pilot assignment
vector for the non-orthogonal cases. In Section 4, we will in-
vestigate the effect of Nn,,( - r) for p,, and compare resultant
performances with the orthogonal cases.

3.2. Channel estimator based on MMSE

Under use of non-orthogonal sequences as pilot signals, there
exist some interferences caused by non-orthogonality among pi-
lot sequences. To evaluate the impact of such interferences to
the quality of channel estimation, we need to adopt some metric.
We select the minimum mean square error (MMSE) estimator. It
was shown that in the comparison of the performance of channel
estimation, MMSE achieves the best performance for channel
estimation [22]. The MSE and inner products between the real
and the estimated channels represent the estimated channel with
pilot contamination.

When M goes to infinity, at the tth user in the Ith cell, the
MMSE estimator can be written as

-1
LK

2 Lo Lo

hy, = /?Ylt (Sn + — Zquf:Tnk(ﬁik) - Ty, (7)

i=1 k=1
where
So = E[Wi'W; ] = MI, (8)

and

H
T, = E W i) = E [ /B &l gi1/Pu | = MBu. 9)
Then, we can formulate the MSE as
2

1 1
—MSE (L, K, pg, cos@) = —E
M ( Po ) v EH

14
hy, — —hy
t po t

1 1. 1.
= ME |:tT [(;Ooh"[ - hm) (;Ooh”[ - hu[) }:| . (10)

To simplify this equation, let ﬁ”[ =Y,R, where

R:\/>(Sn+zz¢ Tij, P

i=1 k=1

-1
) - DTy, (11)
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Then, (10) can be rewritten as

1 1 1 "
—MSE (L, K, pg, cos@) = —E | tr —Y,.R—h —Y,R—h
M ( Po ) M [ {(Po e u,) (Po e ut)}]

1 1 1
= Mtr { p—gR”E [Y/v.]R- ER”E [Y{hy]

1
- [HlY,]R+E [hﬁthlh]}

1 1
= —tr{Ty, — —=Ty, P\, R}
M ¢ TooT ok

1
= Mff (M (ﬂnr - Bt

L K -1
Po
: (f + T ZZ@[#Zﬁumkd),’f) : ,5111))
i1 k=1
L K 2
__Po izt 2oke1 05% Ouiy B
T+ po Yoisq Yjey €052 O B

where cos 6y,;, represents the non-orthogonality between the two
pilot signals of the tth user at the Ith cell and of the kth user at the
ith cell, respectively. By expressing the channel estimation error
with the parameters in (12), it is feasible to investigate impact
of non-orthogonal pilot sequences in channel estimation. This
allows one to choose the proper non-orthogonality and reduce
the channel estimation error to an acceptable level. Note that for
the orthogonal case (cosf = 0), the right-hand side of (12) is
exactly zero, which implies no distortion in channel estimation.

- B, (12)

3.3. Throughput analysis

The per-cell net sum-rate Cy5 (p) is defined as the amount
of Cobn (p) within the portion of the normalized coherence time
except for the time spent in channel estimation, where Cah, (p)
is called the per-cell sum rate that is the average rate during
the entire data transmission time. In the case of orthogonal pilot
sequences, Can, (p) and CP. (p) are given by

1 logz L—1 logz L—1
Cotm @) = 7 Yo=Y 37 (13)
d=0 d=0
Neon — N,
Ch (p) = —2 2% (), (14)

sum
N coh

where cg" denotes the net throughput of each subcarrier for one
user at the cell with the pilot reuse factor d. The rates Cqny ( ,)
and C,h ( ,) for the non-orthogonal case can be written as

1 logz L—1 logz L—1
cw (p,) = I > =) 3, (15)
d=0 d=0
Cnp _ NCOh -7 np
net (pr) - Wcsum ( t) . (16)

Note that, under an optimization strategy for net-sum rates,
non-orthogonality makes C,” is less than C;". Nevertheless, when
there are not sufficient communication time resources, it is pos-
sible to exploit the non-orthogonal features as the key point
to attaining an enhanced net-sum rate. Fig. 3 shows a differ-
ence between the orthogonal and the non-orthogonal cases in
pilot assignment. Instead of allowing non-zero but not so large
non-orthogonality, the overall performance can be improved by
securing a much larger number of sequences and reducing pilot
reuse between nearby cells.
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Non-Orthogonal Case

Orthogonal Case

Fig. 3. Difference in pilot assighment for orthogonal and non-orthogonal pilot
sequence sets.

4. Pilot optimization

According to [8], a transition vector t = (to, t1, ..., tigg;1—2)
corresponding to an assignment vector p can be defined as
{fo =1-po

tg =

ta = —pa+ 3ta-1,

where t, is the number of transitions at depth d in the full pilot
reuse state. Then, (13) is written as:

17
1<d<logsL—2 a7)

logz L—2

Cobn () = Coby () =KCo+ D 13! (Carr — Ca) (18)
d=0

Note that the pilot assignment strategy in [19,20] was developed
to maximize the term Y 15"~ t;, by using that CJ?, — CJ” is a
constant. In a similar approach, we start our optimization process
for the non-orthogonal case by checking whether the difference
C4h1 — C4F becomes a constant for applying non-orthogonal se-
quences to the assignment strategy. Taking into account the pilot
contamination in L cells, the net throughput C;” [21] for a target

user is computed as

ﬂZ
C}” =log, (1+ SIRy) = log, (1 + m , (19)

where SIISd is the SIR of a user at depthdd. Moreover, Ol; =
Ey ” Zf; -1 ,Bﬁt H and NI; = Ey H Ziﬁ;gL3 Y cos? leikﬂﬁk ” rep-
resent pilot contamination from users with the same pilot se-
quences, and from users with different pilot sequences, respec-
tively. The relationship between OI and NI in depths d and d + 1
can be expressed as

1

Olgy1 ~ ———Oly, 20

ar1 N 5 Ol (20)
21374

Nag1—Na=Ey | Y cos” O B, 1
i,k=1

where y is the signal-decay exponent. Then, we can infer that

C4h 1 — C” approaches to a constant from (20). Note that (21) is

the difference between the two pilot contamination values, which
is approximately zero. We have

Oly + Ny )
Olg41 + Nyt1

N,
3*4y<1+0—,j)
1+3>|s4y”g—,;1

G- e~ togs

= log,

~0 (22)
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because 3 *47”% > 1 and NI;/0l; >> 1 in high-dense network
scenarios. Thus, the pilot assignment strategy in (6) for orthog-
onal pilot signals can be valid in the non-orthogonal pilot cases.
The interference from non-orthogonality, Ny, becomes dominant,
even when the interference from pilot reuse, Ol,, decreases. Thus,
Cgiq — C7 ~ 0 means that there is no remarkable change in
terms of net throughput when the pilot reuse factor increases.
That is, when the distance between cells with the same pilot
sequence is increased by adopting a larger value of 7, the impact
of pilot contamination of non-orthogonal pilot sequences from
the adjacent cells is not suppressed.

By contrast, a lower channel estimation error should be guar-
anteed in view of the channel reliability for each transmission. It
is required to analyze how the length of pilot sequences affects to
the channel estimation, to formulate the minimal length of pilot
sequences that maximizes the net-sum rate within the range of
allowed channel estimation error. The Zadoff-Chu (ZC) sequence
set [23], which satisfies the Welch bound [24] with equality, is
one of the most widely used sequences for channel estimation.
The ZC sequence set can maximize the number of users under
a given pilot sequence length, and so it is appropriate to select
this set as the pilot sequence set to maximize the net-sum rate.
It has been also generally adopted in LTE systems [25]. The
mathematical formulation of a ZC sequence set of length 7 is
given by

j 1
b, = {dm (m) = exp (—”””%“)

, 051151’—1}. (23)

For the prime-length case, the number of distinct ZC sequences
is

Nip (pr, 1') =12 —1. (24)
Furthermore, the pilot assignment vector can be formulated by
d @—1r—K _
S K3 — e d=x
pi=13(Y - LK), d=x+1 (25)
0, otherwise,

where x = min k| Z’;:O K3° > W .In the case K =1, all
the users can have distinct pilot sequences because the number
of ZC sequences is large enough. Even in the presence of the
interference arising from the non-orthogonality of pilot signals,
the pilot contamination caused by pilot reuse is mitigated by
increment of distance between cells sharing a pilot signal. The
pilot contamination from pilot reuse can be minimized when the
length of pilot sequences is prime, because the number of distinct
sequences is maximized. Moreover, the non-orthogonality of ZC
sequences becomes a constant 1/,/r. Then, the MSE can be
reformulated as

L K B

Po D in Dkpt T
L K B
T+ 00D is ke
From (26), we can observe that increase in t gives reduction in
channel estimation error. However, it is impossible to extend-
ing the pilot length because of the pilot overhead which is the
ratio of spent time sending data to the coherence interval [21].
Specifically, if transition vectors t! and t> are generated from

non-orthogonal sequences t! and 72 of different lengths. Since

Cqr 1 — C47 approaches zero in a dense network, we have
cnp (tl) e (tZ)

sum sum

logz L—2
~(ro+ Y e, -en)
d=0

1
MMSE(Lv 1<7 Lo, t) = : /3”(' (26)
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logz L—2
_ (KCO + Y a3, - C;"))
d=0

~ 1 —logz L—-2 np _
~ <t10g3 L—Z3 <C10g3 -1 Clog3 L—2>)

2 —logs L—2
- (tlog3 12377 (Clzgg -1~ Clrgég L—Z))
~0—0=0. 27)

From (16) and (27), it is observed that a longer pilot length
worsen the net-sum rate. In this perspective, we derive a minimal
length of the pilot sequences under the constraint of MSE. Let T
be a number satisfying %MSE (L,K, po,T) = ¢ for some ¢ > 0.
The minimal length 7* of the pilot sequences should satisfy the
following three conditions:

(i) T* > T : This is clear from the constraint on MSE and the
definition of 7.

(ii) * > K : To avoid intra-cell interference, pilot sequences
should have a length larger than K.

(iii) =* is a prime number: For a ZC sequence set, the ratio
of the number of distinct sequences to the length is 7 — 1, and
less than /T when t is non-prime. A flowchart representing our
optimization process is presented in Fig. 4.

5. Materials and methods

We assume the WINNER local area channel models under 5-
GHz carrier frequency [26]. The normalized coherence time N
satisfies 1.7 ws/109 ns < Ngop< 17.4 |15/47.3 ns. In addition, y, the
signal decay exponent is 3.7, and the SINR of the received pilot
signal is 28 dB. As in Section 4, the non-orthogonal pilot set is
selected as the ZC sequence set. The numerical calculation from
the Eq. (26) indicates that 7* >16.492 with ¢ = 0.05. To examine
the net-sum rates over variable numbers of users within a cell up
to K = 19, the minimal pilot length t* is set to 19. Note that p
and p, come from (6) and (25) for orthogonal and non-orthogonal
cases, respectively.

5.1. Performance comparison for the number of users

Given Ny, (p) = 51,L = 81, and t = 19, Fig. 5 shows
the comparison results between Gy, (p,) /K and Cpi; (p) /K for
Nen = 60, 90 and 120. The simulation results show that a non-
orthogonal case have a remarkable performance gain compared
to a orthogonal case according to the increment of the number
of users. The performance gap is larger for the smaller coherence
time. In particular, when K = 19, Gy (p.) /K is 45.95% (resp.
21.00%) higher than C,%, (p) /K for N, = 90 (resp. 120). Further-
more, Cor; (p) /K decreases more rapidly than Gy (p,) /K when
K increases. This result indicates that the use of the orthogonal
pilot sequence set would worsen pilot contamination by reusing
the same pilot signals, while the use of the non-orthogonal pilot
sequence set can mitigate pilot contamination from the pilot
reuse scheme by allocating distinct pilot sequences to users.

5.2. Performance comparison for the normalized coherence time

Fig. 6(a) illustrates Gyt (p,) /K for K = 11, T = 19,23, 31
according to Ngp, Fig. 6(b) for K = 17, t = 19,29, 31, and
Fig. 6(c) for K = 23, © = 23,31, 37. Performances with the
non-orthogonal pilot sequence set are better than those with
the orthogonal pilot sequence set when the coherence time is
smaller than some specific values. The difference is because the
length 7 of the non-orthogonal pilot sequence is shorter than the
length of the orthogonal pilot sequence under the same number
of users. Furthermore, the higher the number of users, the higher
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Fig. 4. Optimization process for non-orthogonal pilot sequences.

is the performance gap. By comparing of C;5, (p,) /K for distinct
pilot lengths of non-orthogonal sequences, we observed that the
highest net-sum rate is obtained when the shortest possible 7 is
used. Furthermore, the non-orthogonal pilot sequence set gives
a lower variation of capacities over the change in N, which
implies that more stable capacities can be provided to users even
when the velocity changes rapidly.
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5.3. Variation in the size of pilot sequence sets

The tendency of net sum-rates in relation to the size of pilot
sequence sets is shown in Fig. 7, for K = 11,17, and K = 19.
To prevent critical pilot contamination at the cell boundaries in
a pilot reuse scheme, the size of the orthogonal pilot sequence
set is often chosen by a number bigger than K. In the orthogonal
case, the effect of over-allocation of pilot sequences is indicated
by a decrease in the net throughput. In the orthogonal case with
pilot reuse factors greater than or equal to one, the number of
distinct orthogonal pilot sequences should be at least three times
greater than K. In these cases, Coy, (p) /K and Gyl (p,) /K show
the results that the values are almost identical or that the non-
orthogonal pilot sequence set is more advantageous than the
orthogonal pilot sequence set.

6. Conclusion

In this study, we presented analysis and optimization scheme
for non-orthogonal pilot sequence set in a multi-cell massive
MIMO environment. We derived a certain condition for reduc-
ing the MSE for the non-orthogonal pilot sequences in channel
estimation. Then, we formulated the minimal length of pilot
signals under an allowable level of MSE. By simulation results,
we demonstrated that a non-orthogonal pilot sequence set can
deliver greater net-sum rates than an orthogonal pilot sequence
set. This result shows that orthogonal pilot sequence set gives a
remarkable improvements in throughput for environments com-
prising multiple users and low latency. In the future research, we
will discover more advanced pilot assignment methods which are
based on learning-based methods.
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