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Abstract—Pilot based acquisition of channel state information
(CSI) is a challenging problem in multiuser multiple-input
multiple-output (MU-MIMO) systems that allow unscheduled
intermittent transmissions from user terminals (UTs). These
challenges stem mainly from the need to account for i) possible
intra-cell pilot collisions or interference which are characteristic
of unscheduled uplink transmissions and ii) the fact that these
same pilots are typically also needed for user activity detection
at the base station (BS). The problem gets even more challenging
in situations with both scheduled (grant based) and unscheduled
(grant free) concurrent uplink transmissions because of the fact
that grant free and grant based transmissions are typically differ-
ent in terms of key performance indicators (KPIs). In this article,
we present an assignment and multiplexing scheme for uplink
pilot sequences from grant free and grant based transmissions
that take place on the same time-frequency resources and we
numerically assess its performance in terms of both CSI quality
and user activity detection probability. The scheme is based on a
novel method that can extend any set of state-of-the-art orthogo-
nal pilots to generate a hybrid (orthogonal/non-orthogonal) pilot
set with a built-in trade-off between the maximum achievable sum
rate for grant based transmissions and the maximum tolerable
level of pilot interference for grant free transmissions.

I. INTRODUCTION

In current cellular systems, uplink data is transmitted in
a scheduled (grant based) manner i.e., uplink data transmis-
sion can only take place after the time-frequency resources
needed for it have already been reserved by the network
and signaled to the emitting device following the reception
of scheduling request from that device1. With the emergence
of wireless applications requiring the deployment of massive
machine type communications (MTC) and ultra-reliable low-
latency communications (URLLC) it becomes necessary for
cellular systems to provide support for unscheduled (grant
free) transmissions. Indeed, grant free transmission of data
packets with small payloads is known to be more efficient
in terms of throughput than its grant based counterpart [1].
Moreover, grant free transmission could be crucial for meeting
the latency requirements of URLLC applications in order to
avoid the extra delay needed for resource reservation [2].

Whether the transmission is grant based or grant free, uplink
pilots need to be sent by the active UTs along with their uplink
data. The CSI obtained from these pilots is needed for coherent
detection of the transmitted symbols. Typically, active UTs

1Scheduling requests can only be sent by active devices that have already
been registered as such by the network via a random access procedure.

that are scheduled to transmit on the same time-frequency
resources are assigned exclusive mutually orthogonal pilot
sequences so that the channels of their respective links to
the BS can be estimated without interference from other co-
scheduled UTs. Since pilot assignment can be done in a
persistent or semi-persistent manner that is independent of data
grants, this exclusive orthogonal pilot assignment can still be
used for unscheduled grant free transmissions. However, due
to the sporadic nature of uplink data traffic in most scenarios
that require grant free transmissions, exclusive assignment of
orthogonal pilots to all grant free active UTs turns out to be
very inefficient with respect to (w.r.t.) resource utilization. To
remedy this inefficiency, it was proposed in [3], [4] to get
rid of exclusivity when assigning pilots to grant free UTs and
replace it with pilot hopping patterns that are user specific and
which define predetermined sequences of orthogonal pilots
to send during the different transmission slots of a multi-
slot frame. This way, if a pilot collision occurs in one or
several slots, user identification is still possible at the end of
the frame reception. Moreover, the high channel estimation
error that happens as a result of these collisions is averaged
out if the number of transmission slots per frame is large
enough. While this solution is compatible with MTC, it cannot
be applied in most delay sensitive applications which are
typically characterized by a transmission that occupies a single
slot. A pilot random access solution that is more fit for
one-slot grant free transmissions was proposed in [5]. This
solution consists in assigning exclusive but non-orthogonal
pilot sequences to the different UTs. Indeed, non-orthogonality
makes it possible to assign distinct pilots to a large number
of active UTs while keeping the number of symbols per
sequence much smaller than the number of pilots. Of course,
the use of non-orthogonal pilots will entail intra-cell pilot
contamination and hence multiuser interference that will affect
user activity detection and channel estimation at the BS. The
potential performance degradation due to this interference can
be alleviated by resorting to compressive sensing methods [6]
and joint channel estimation [7].

In all the above-mentioned works, the cases where grant
free and grant based transmissions can take place on the same
time-frequency resources are not addressed. This co-existence
is crucial from a resource utilization efficiency perspective in
scenarios where the total volume of grant free traffic is not
large enough to justify being reserved an exclusive portion



of the available time-frequency resources. Note that in such
cases the way the (limited) set of available uplink pilots is
divided between the two grant classes i.e., the grant free and
the grant based groups of UTs, will have a huge effect on
the throughput performance of grant based transmissions and
the reliability performance of grant free transmissions. For
instance, reserving more pilots for grant free transmissions
to reduce pilot collision probability will reduce the maximum
number of MIMO transmission layers available for grant based
transmissions and hence their achievable throughput.

In this paper, we propose a hybrid multiplexing scheme
that mixes orthogonality (between the pilots of two different
grant classes) and non-orthogonality (within the same class)
to achieve the sought trade-off between grant based through-
put performance and grant free reliability performance more
efficiently than a simple orthogonal or non-orthogonal multi-
plexing scheme. Indeed, the proposed scheme allows different
degrees of non-orthogonality i.e., of pilot resource overload-
ing, within the two grant classes, while at the same time
protecting the pilot signals of each class from the interference
generated by pilot sequence non-orthogonality of the other
class. For instance, this property can be exploited to achieve
the same value of grant free user activity detection probability
and the same level of grant free transmission reliability as
those achieved with an orthogonal pilot assignment scheme
while reserving a much larger portion of the available pilot
resources for grant based transmissions, thus granting them
more spatial transmission layers than the orthogonal scheme.

Notations: The N × N identity matrix is denoted by
IN while notation 1N×M (respectively 0N×M ) stands for the
N ×M matrix with all its entries set to one (respectively to
zero). Notation diag(x), for some N × 1 vector x, is used to
designate the N×N diagonal matrix whose diagonal elements
are the components of x. Reciprocally, diag (M), for some
N ×N matrix M, designates the N × 1 vector composed of
the diagonal elements of M. Finally, diag (M1, . . . ,ML), for
some N ×N matrices {Ml}l=1···L, stands for the LN ×LN
block-diagonal matrix with {Ml}l=1···L as its diagonal blocks.

II. SYSTEM MODEL

Consider uplink transmission in a wireless system consist-
ing of one BS equipped with M antennas (indexed using
m ∈ {1, . . . ,M}) serving single-antenna user terminals (UTs)
that have data to transmit. Signal transmission is done using or-
thogonal frequency division multiplexing (OFDM) with NFFT

subcarriers, NCP-long cyclic prefix and a total bandwidth of
W Hz. Assume that the OFDM resource grid is structured into
resource blocks (RBs) each containing T OFDM symbols. In
the sequel, we focus on transmissions that are taking place
on one of the NRB RBs on which co-existence between grant
free and grant based transmissions is allowed (see Figure 1).
Denote by K1 and K2 the sets of UTs transmitting on the
considered RB respectively with and without grant. Define
K1

def.
= |K1| and K2

def.
= |K2| and note that while K1 is

deterministic, K2 is random since the number of grant free
transmissions is not a priori known at the BS. Nonetheless,
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Fig. 1. Grant free and grant based coexistence region in the resource grid

it is reasonable to assume that K2 is upper-bounded by a
deterministic value Kmax

2 that is known to both the BS and
the UTs. This knowledge can be the outcome of the initial
access and connection setup procedures during which the BS
can signal the index of one or several RBs on which each UT
is allowed to transmit2. Denote by Kmax

2 the set of indexes of
all the grant free UTs allowed to transmit on the RB under
investigation and note that K2 ⊂ Kmax

2 and |Kmax
2 | = Kmax

2 .
Typically, the relevant performance measure for the UTs in
K1 is their achievable sum throughput while the UTs in K2

have a minimum acceptable reliability constraint e.g., block
error rate (BLER) and miss-detection/false-alarm rate values
that should not be exceeded.

The wireless link from UT k to BS antenna m is a multi-
path channel with L ≥ 1 dominant paths that remain constant
within the duration of an OFDM symbol. Let hk,m,t(.) des-
ignate the continuous-time impulse response of this channel
during the t-th OFDM symbol (t ∈ {1, . . . , T}) and write

hk,m,t(τ) =

L−1∑
l=0

αk,m,l,tδ(τ − τl), ∀τ ∈ R, (1)

where τl is the delay of the l-th path and αk,m,l,t is its
complex-valued gain. Path gains {αk,m,l,t}l∈{0···L−1} are
modeled, as in [8], as mutually independent zero-mean random
variables with variances σ2

l
def.
= E

[
|αk,m,l,t|2

]
that satisfy∑L−1

l=0 σ2
l = 1, E

[
αk,m,l,tα

∗
j,m,l,s

]
= 0 for all j 6= k and

E
[
αk,m,l,tα

∗
k,m,l,s

]
= σ2

l J0
(
2πfDk (NFFT +NCP)Ts(t− s)

)
def.
= σ2

l r
α
k (t− s), (2)

where fDk is the maximum Doppler frequency shift and where
Ts

def.
= 1/W . Now, define hk,l,t

def.
= [hk,1,l,t · · · hk,M,l,t]

T,
αk,l,t

def.
= [αk,1,l,t · · · αk,M,l,t]

T and assume αk,l,t ∼

2Note that the BS needs to adapt the value of Kmax
2 to the current load of

traffic from grant free UTs. For instance, Kmax
2 should be increased in order

to avoid denials of service in scenarios with relatively high densities of UTs
that need to transmit in a grant free manner.



CN
(
0,Rα

k,l

)
. Finally, assume as in [9] and [10] that the cor-

relation between the two vectors αk,l,t1 and αk,l,t2 whenever
t1 6= t2 is separable into time domain and space domain mul-
tiplicative terms. More precisely, E

[
αk,l,t1α

H
k,l,t2

]
= rαk (t1−

t2)R
α
k,l. From (1), the frequency domain channel coefficient

between UT k and the m-th BS antenna at subcarrier n during
OFDM symbol t, denoted as Hk,m,t, is given by

Hk,m,t,n =

L−1∑
l=0

αk,m,l,te
−2πı τln

NFFTTs . (3)

Now, define Hk,t,n
def.
= [Hk,1,t,n · · ·Hk,M,t,n]

T and denote by
xk,t,n the sample transmitted on the n-th subcarrier during the
t-th OFDM symbol which satisfies

E
[
|xk,t,n|2

]
= Pk. (4)

The corresponding M × 1 vector of samples received at the
BS array then writes as

yt,n =
∑
k∈K1

√
gkHk,t,nxk,t,n+

∑
k∈K2

√
gkHk,t,nxk,t,n+ zt,n,

(5)
where zt,n ∼ CN(0, σ2IM ) is a vector of noise samples and
gk is the large-scale fading factor. Assume that coherent de-
tection e.g., maximum-ratio combining (MRC), is performed
at the BS using pilot based channel estimates of vectors
Hk,t,n. For that sake, Np ≥ 1 resource elements (REs)
within each RB are reserved for pilot transmission. Denote
by {(ti, ni)}i=1···Np the set of positions of these REs and

let pk
def.
=
[
xk,t1,n1

· · · xk,tNp ,nNp

]T
designate the pilot

sequence transmitted by UT k. These sequences are also used
at the BS to determine which subset K2 ⊂ Kmax

2 is currently
active on the considered RB. The interference terms in (5) hint
at a possible trade-off between the achievable performances in
each grant class. For instance, getting rid of inter class inter-
ference during channel estimation requires reserving exclusive
portions of the pilot time, frequency and code resources for
each grant class i.e., sequences assigned to UTs from different
classes should be orthogonal. However, since pilot resources
are scarce, reserving a larger portion of them to one grant class
for the sake of better performance results in a smaller portion
for the other. In the next section, we propose a hybrid scheme
to generate pk that can achieve any required level of trade-off
between the two classes more efficiently than both orthogonal
and non-orthogonal pilot assignment methods.

III. GRANT CLASS AWARE PILOT DESIGN

Consider a set {u1, . . . ,uN} of N orthogonal pilot se-
quences each of length Np and normalized such that

1

Np
E
[
‖uu‖2

]
= Pk, ∀u ∈ {1, . . . , N}. (6)

Such a set can be composed using N orthogonal sequences
obtained with a combination of time division multiplexing
(TDM), frequency division multiplexing (FDM) and code divi-
sion multiplexing (CDM) or using N phase-shifted versions of

the same Zadoff-Chu (ZC) sequence (as in LTE [11]). Next,
split this set into two disjoint subsets, namely U1 and U2,
the first containing N1 < N sequences while the second is
composed of N2 = N −N1 sequences.

In the proposed scheme, subset U1 is reserved for grant
based UTs while U2 is assigned to the grant free class.
However, the sequences of the latter subset are not directly
used by the grant free UTs as their pilot sequences. Instead, the
actual pilot sequence transmitted by each one of these UTs is a
linear combinations of all the sequences of U2. More precisely,
let jk ∈ {1, . . . , N} be the index of the pilot sequence from
U1 assigned to UT k ∈ K1 and u1, . . . , uN2

be the indexes of
the sequences making up the subset U2. Then we can write

pk = ujk ∈ U1, ∀k ∈ K1, (7)
pk = wk,1uu1

+ . . .+ wk,N2
uuN2

, ∀k ∈ K2. (8)

Here, wk
def.
= [wk,1 · · · wk,N2

]
T is a UT specific signa-

ture that can be signaled to the UT during the connection
setup procedure. Of course, the resulting pilot sequences pk
and pj for any k, j ∈ Kmax

2 are mutually non-orthogonal.
However, thanks to the orthogonality of the original baseline
sequences, this non-orthogonality only results in intra-class
pilot contamination. Moreover, the level of this intra-class pilot
contamination as well as the proportions of pilot resources
assigned to each grant class are all configurable parameters
that can in principle be optimized to yield the best trade-
off between the relevant performance metrics of the UTs of
each grant class. Note that this novel scheme was originally
proposed in previous works of ours e.g. [12], as a solution
for multiplexing data transmissions originating from multiple
service classes.

Remark 1. In cellular systems, {u1, . . . ,uN} are not ar-
bitrary sequences with the only requirement to be mutually
orthogonal. They should be both orthogonal within one cell
and with low cross-correlation to the pilot sequences in neigh-
boring cells. One important byproduct of the proposed pilot
design is that pk inherit the multicell interference mitigation
properties of the baseline sequences since only these sequences
appear, from a network perspective, to be transmitted.

One way to guarantee that the transmit power constraint in
(4) is respected is by setting

‖wk‖2 = 1, ∀k ∈ {1, . . . ,Kmax
2 }. (9)

Indeed, if (6) and (9) are respected, then the power constraint
in (4) is satisfied by all the components of the pilot sequence
pk. Now, let

{
k1, . . . , kKmax

2

}
= Kmax

2 and define

W
def.
=
[
wk1 · · · wkKmax

2

]
. (10)

One practical way to obtain matrices W that satisfy (9) is
to use pseudo-noise (PN) generators [11] with different ini-
tializations to generate the different columns of W. However,
since PN sequences are binary, the number of different N2-
long sequences we can get will be upper bounded by 2N2 .
A more systematic method is to select {wk}k=1···Kmax

2
as a



collection of Kmax
2 points on the surface of a unit-radius N2-

dimensional complex-valued sphere with a minimal pairwise
angle that is as large as possible. This problem, which is shown
to be relevant from a performance enhancing perspective in
Section IV, can be solved in advance for different config-
urations of (N2,K

max
2 ) using for instance the methodology

of [13] and the outcome of this offline optimization can be
stored in look-up tables.

Remark 2. The larger the value of N2, the smaller the
largest cross-correlation among pairs of sequences from the
set {wk}k∈Kmax

2
(and by extension among pairs of sequences

from the set {pk}k∈Kmax
2

). There is thus a trade-off between
the level of residual pilot contamination within the grant
free class and the number N1 = N − N2 of spatial layers
available for transmissions from the grant based class. The
quantification of this trade-off is left for future works.

IV. USER ACTIVITY DETECTION AND CHANNEL
ESTIMATION USING GRANT CLASS AWARE PILOTS

Thanks to the mutual orthogonality of sequences
{u1, . . . ,uN}, channel estimation for any UT k ∈ K1

can be done using any state-of-the-art method independently
of grant free transmissions. As for UTs k ∈ K2, they
first need to be identified. For that sake, let 1A(.) denote
the indicator function of set A and define the vector of
concatenated channel vectors from all the grant free UTs that
are allowed to transmit on the considered RB as

H
def.
=
[
1K2(k1)

√
gk1Pk1 (Hk1)

T · · ·

1K2
(kKmax

2
)
√
gkKmax

2
PkKmax

2

(
HkKmax

2

)T ]T
(11)

where for any k ∈ Kmax
2

Hk
def.
=
[
HT
k,t1,n1

· · · HT
k,tNp ,nNp

]T
. (12)

Also, let {j1, . . . , jK1
} = K1 and denote by G the vector

of concatenated channel vectors from all the UTs in K1. The
NpM samples received at the BS on the positions of the pilot
symbols can be written by referring to (5) and (11) as

Y = PH+QG+ Z, (13)

where Z ∼ CN
(
01×NpM , σ

2INpM
)

and

P
def.
=
[
diag (pk1 ⊗ 11×M ) · · · diag

(
pkKmax

2
⊗ 11×M

)]
,

Q
def.
=
[
diag (pj1 ⊗ 11×M ) · · · diag

(
pjK1

⊗ 11×M
)]
. (14)

We propose the following heuristic for the identification of
K2 out of Kmax

2 and for the estimation of the corresponding
channel vectors. Start by assuming that all the UTs in Kmax

2

are active. In this case, a linear minimum mean-square error
(LMMSE) channel estimation which assumes that K2 = Kmax

2

can be used to get Ĥ, the estimate of the concatenated channels
vector H, based on Y as

Ĥ
def.
= E

[
HYH|K2 = Kmax

2

] (
E
[
YYH|K2 = Kmax

2

])−1
Y

= Rmax
H PH

(
PRmax

H PH +QRGQH + σ2INpM
)−1

Y,
(15)

where the expectation in (15) is w.r.t. the joint distribu-
tion of H and Y conditioned on K2 = Kmax

2 , where
RG

def.
= E

[
GGH

]
, and where the second line follows because

E
[
HGH

]
= E

[
GHH

]
= 0 due to the assumptions made in

Section II. Here, we defined Rmax
H

def.
= E

[
HHH|K2 = Kmax

2

]
so that

Rmax
H = diag

(
Rk1 , . . . ,RkKmax

2

)
, (16)

with

Rk
def.
= gkPk

[
L−1∑
l=0

rαk (ti − tj)Rα
k,le
−2πı

τl(ni−nj)
NFFTTs

]
1≤i,j≤Np

.

(17)
Of course, not all the UTs are necessarily simultaneously
active on the same RB i.e., in general K2 6= Kmax

2 . Moreover,
the components of Ĥ corresponding to inactive UTs will not
have zero values. This is due both to additive noise and to
pilot signal interference from active UTs caused by the (by
design) non-orthogonality of the pilot sequences assigned to
Kmax

2 . However, proper setting of the relevant system and
pilot scheme parameters, namely Kmax

2 , N,N2, and M , and
of the matrix W can guarantee, roughly speaking, that the
components of Ĥ corresponding to inactive UTs are much
smaller in absolute value than their active UTs counterparts
and that the components of Ĥ corresponding to active UTs
are close enough to their actual value. More precisely, define
the error vector H̃

def.
= H − Ĥ,. Then it is straightforward to

show by referring to (15) that RH̃
def.
= E

[
H̃H̃T|K2

]
writes as

RH̃ = RH−Rmax
H PH

(
PRmax

H PH +QRGQH + σ2INpM
)−1

×
(
PRHPH +QRGQH + σ2INpM

)
×
(
PRmax

H PH +QRGQH + σ2INpM
)−1

PRmax
H . (18)

Here, we defined RH
def.
= E

[
HHH|K2

]
so that

RH = diag
(
1K2

(k1)Rk1 , . . . ,1K2
(kKmax

2
)RkKmax

2

)
. (19)

One way to guarantee good detection and channel estimation
performances is to choose Kmax

2 , N,N2, M and W such that3

E [RH̃] � εthrdiag
(
gk1Pk1INpM , . . . , gkKmax

2
PkKmax

2
INpM

)
(20)

for some predefined performance threshold εthr. The expec-
tation in (20) is w.r.t. the distribution of the random vari-
ables {1K2

(kj)}j=1···Kmax
2

. If the condition in (20) holds,
it allows us to perform activity detection of a UT kj (j ∈

3Notation A � B, for two positive semi-definite matrices A and B, stands
for the property that B−A is positive semi-definite.



{1, . . . ,Kmax
2 }) by means of comparing the norm of its

estimated channel vector i.e.,
∥∥∥∥[Ĥ]

j

∥∥∥∥2, to NpMgkjPkj ε
thr.

In practice, the value of εthr should be chosen based on the
tolerated level of false alarm i.e., the probability of identifying
a UT k ∈ Kmax

2 as belonging to K2 while k is in reality
currently inactive. One possible criterion is to set εthr such
that correct user detection probability is maximized while the
false-alarm probability is smaller than a given value. Finding
an exact solution to this problem remains a difficult task that
is left for future work. In the absence of an exact solution, the
following conservative4 condition can replace (20)

max
k∈Kmax

2

∑
j∈Kmax

2 \{k}

E [1K2
(j)]

gjPj
gkPk

∣∣wH
kwj

∣∣2 + σ2

gkPkNp

< εthr. (21)

Indeed, when Hk,ti,ni is constant w.r.t. (ti, ni) for all i ∈
{1, . . . , Np}, then the argument of the maximum in the left-
hand side of (21) is the variance of the estimation error
associated with any component of Hk,ti,ni when single-
user least-squares channel estimation i.e., de-correlating the
received pilot signal on each antenna element with pk, is
used instead of joint LMMSE. Here, we used the fact that
pH
k pj = 0 for all (k, j) ∈ Kmax

2 ×K1 and that pH
k pj = wH

kwj

for all (k, j) ∈ (Kmax
2 )

2 due to (8) and to the orthogonal-
ity of sequences {u1, . . . ,uN}. Note that the condition in
(21) justifies the sphere surface packing method presented in
Section III. The proposed detection and channel estimation
method is summarized by Algorithm 1. Once Ĥk is obtained,

Algorithm 1 User activity detection and channel estimation
for grant free UTs based on grant class aware pilots

Initialization: K2 ← ∅
Compute Ĥ using (15)
for 1 ≤ j ≤ Kmax

2 do[
Ĥ
]
j
←
[[

Ĥ
]
(j−1)NpM+1

· · ·
[
Ĥ
]
jNpM

]T
if 1

gkjPkj

∥∥∥∥[Ĥ]
j

∥∥∥∥2 > εthr then

K2 ← K2 ∪ {kj}
Ĥkj ← 1

gkjPkj

[
Ĥ
]
j

end if
end for

channel estimates on data carrying resource elements can be
deduced using, for instance, LMMSE interpolation.

V. NUMERICAL RESULTS

Numerical results were obtained assuming a LTE-like sys-
tem with RBs composed each of 12 sub-carriers over T = 14
OFDM symbols. Users’ channels follow the Extended Vehic-
ular A (EVA) model [14] with fDk = 70 Hz, maxl τl = 25

4since based on single-user instead of joint channel estimation
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Fig. 2. User activity detection probability of the proposed pilot design
conditioned on K2 = 3 and K2 = 6 respectively

µs and Rα
k,l = σ2

l IM . The number Np of pilot symbols per
RB is equal to 24 and they span two OFDM symbols of
the RB. As in LTE, the baseline pilots {u1, . . . ,uN} are ZC
sequences with distinct phase shifts. In the sequel, N = 8.
All the following results have been obtained by averaging
over 2× 104 transmit time intervals (TTIs). During each TTI,
four grant based UTs and a number K2 of grant free UTs are
simultaneously transmitting 32 bits of information on one RB
using quadrature phase shift keying (QPSK) modulation and
Turbo channel coding. In what follows, when K2 is assumed
fixed then the active K2 grant free UTs are randomly chosen
among a total of Kmax

2 = 8 UTs. In Figure 2, the conditional
detection probability (conditioned on a fixed value of K2,
namely K2 = 3 and K2 = 6) performance of Algorithm 1 is
plotted as function of the signal-to-noise ratio (SNR) (defined
as SNRk

def.
= gkPk

σ2 and assumed here to be the same for all the
active UTs as could be the case when uplink power control is
applied) and is compared to a lower bound obtained assuming
that only a smaller pool of possible grant free transmitters,
namely of cardinality Kmax

2 = N2 = 4, needs to be supported.
For such a small value, there is no need for the proposed
scheme since baseline orthogonal pilot sequences can instead
be used. The detection threshold εthr was set to 0.04 and
the signature sequences were generated using an approximate
solution to the sphere surface packing problem characterized
by an average

∣∣wH
kwj

∣∣2 (averaged on all possible pairs of
distinct signatures) that is approximately equal to 0.12. While
these values violate the conservative condition in (21), they
yielded a false alarm rate smaller than 5× 10−3 on the whole
range of considered SNR values hinting that (20) might be
satisfied. Figure 2 shows that detection probability stays within
an acceptable margin from the lower bound even while the
proposed scheme supports collision free detection from a pool
of Kmax

2 = 8 grant free emitters i.e., twice the load supported
by the scheme achieving the lower-bound.

To investigate the effect of the grant class aware pilot design
on channel estimation quality, we simulate the BLER of a
reference grant free UT (denoted in the sequel as k0 ∈ K2)
when MRC is done at the BS using the channel estimates
obtained with the proposed pilot design and we pilot it as
function of SNRk0 . As we did in Figure 2, the simulated
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Fig. 3. BLER of a grant free transmission conditioned on K2 = 2 and
assuming four grant based transmissions

error probabilities are conditional probabilities, conditioned on
a fixed value of K2 (K2 = 2 in Figure 3 and K2 = 4 in
Figure 4) but not on a fixed set K2. The thus obtained BLER
curve is then compared to two conventional pilot schemes,
namely orthogonal pilot multiplexing and shared pilot mul-
tiplexing. In orthogonal pilot multiplexing, half the baseline
sequences are assigned to grant based UTs while the remaining
sequences are assigned to grant free UTs. Note that whenever
Kmax

2 > N/2, the probability of a pilot collision between
two grant free transmissions with this scheme is non-zero. In
non-orthogonal pilot multiplexing, 12 non-orthogonal PN pilot
sequences are generated to accommodate the K1+K

max
2 UTs

that are authorized to transmit on the considered RB. Figures 3
and 4 were generated assuming that the BS has successfully
identified the active K2 UTs from within the pool of Kmax

2

possible grant free transmitters. As expected, the gain in BLER
performance from the proposed grant class aware pilot design
w.r.t. the orthogonal pilot multiplexing scheme is higher for
larger values of K2 (at target BLER=10−3, the gain is around
1.8 dB for K2 = 2 and around 2.5 dB for K2 = 3). This is
because, in the orthogonal construction, the probability of two
or more grant free transmissions with the same pilot sequence
taking place simultaneously increases as K2 increases. The
figures also show that both the orthogonal and the proposed
pilot designs outperform the non-orthogonal scheme in terms
of BLER performance of the grant free UTs. This can be
explained by the fact that the lower cross-correlation among
the non-orthogonal sequences resulting from the higher value
of N2 in the non-orthogonal scheme (N2 = 8 in the latter
scheme as opposed to N2 = 4 in the orthogonal and the
proposed schemes) is not sufficient to counter the effect of
the additional interference originating from the pilot signals
of the grant based UTs (an interference that is nonexistent in
the orthogonal and the proposed designs).

VI. CONCLUSIONS

In this article, we presented a new scheme to generate pilot
sequences for uplink transmissions in MU-MIMO systems in
which grant free and grant based transmissions are allowed
to co-exist. The scheme is based on a novel method that can
extend any set of orthogonal pilots by generating new pilots
with a built-in trade-off between the relevant performance
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Fig. 4. BLER of a grant free transmission conditioned on K2 = 3 and
assuming four grant based transmissions

metrics of the two grant classes. We finally showed, using
realistic simulations, that this grant class aware pilot design
outperforms conventional pilot multiplexing schemes in terms
of both CSI quality and user activity detection probability
of the grant free transmissions, while guaranteeing that grant
based transmissions get the same number of spatial layers as
offered by those schemes.

REFERENCES

[1] H. S. Dhillon, L. Lampe, H. Huang, and H. Visawanathan, “Wide-Area
Wireless Communication Challenges for the Internet of Things,” IEEE
Commun. Mag., vol. 55, no. 2, pp. 168-174, Feb. 2017.

[2] P. Popovski, J. J. Nielsen, C̆. Stefanović, E. de Carvalho, E. Strömy, K.
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