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Abstract—Noncoherent multi-user detection schemes are at-
tractive in multi-user massive MIMO uplink systems. In par-
ticular, sorted decision-feedback differential detection (DFDD)
in combination with noncoherent decision-feedback equalization
(nDFE) over the users has been shown to perform well though
avoids the need for channel estimation. Up to now, in all studies
a uniform linear receiver array employing omni-directional
antennas has been assumed. In this paper, we assess the influence
of the antennas’ radiation patterns on the performance of the
noncoherent massive MIMO. Based on analytic expressions, we
present an optimization approach for the array assuming that
the individual antennas are electronically switchable to change
the direction of the main radiation. The gains are assessed
by means of numerical simulations. It is shown that in the
noncoherent setting the antenna pattern has a much more
pronounced influence and, thus, has to be designed more carefully
than in the coherent case.

I. INTRODUCTION

Multiple-input/multiple-output (MIMO) systems, where the

base station is equipped with a very large number of receive

antennas, so-called massive MIMO systems, gain more and

more attention, e.g., [8], [9]. The drawback of massive MIMO

is that the estimation of a huge number of channel coefficients

is required, which quickly becomes challenging.
One way to eliminate the need for channel estimation

in a multi-user massive MIMO uplink system is to resort

to noncoherent detection. Exploiting the similarities between

ultra-wideband (UWB) systems [10] and massive MIMO,

noncoherent detection schemes were presented in [11], [6]

and assessed for a uniform linear array with omni-directional

antennas. If the users are sufficiently spatially separated, the

performance of these schemes is comparable to coherent detec-

tion with non-perfect channel knowledge. However, in contrast

to coherent schemes where phase information is utilized, the

performance degrades if the users are close to each other.
In this paper, we analyze the influence of the antenna pattern

on the performance of noncoherent massive MIMO systems.

To this end, we employ idealized antenna patterns which, how-

ever, reflect that of physically realizable ones [2], [13]. Having

gained an insight into the impact of the antenna pattern,

based on an analytic expression of the signal-to-interference-

plus-noise ratio (SINR), we present an optimization approach

for the array assuming that the individually antennas are

(electronically) controllable. The gains are assessed by means

of numerical simulations.

The paper is organized as follows. In Sec. II, the system

model and the antenna patterns are introduced and noncoherent

multi-user detection in massive MIMO is briefly reviewed.

Numerical results are presented and discussed in Sec. III. The

optimization of the antenna array is given and evaluated in

Sec. IV. Conclusions are drawn in Sec. V.

II. SYSTEM MODEL AND NONCOHERENT DETECTION

We consider a multi-user uplink scenario where Nu users with

a single (omni-directional) antenna simultaneously transmit to

a central receiver equipped with Nrx ≫ 1 antennas, illustrated

in Fig. 1. In each time step k, user u transmits an M -ary

differentially encoded PSK symbol bk,u drawn from M
def
=

{ej2π·i/M | i = 0, 1, . . . ,M − 1}. In the receiver, noncoherent

detection methods are applied, cf. Sec. II-C.
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user Nu

user u

receiver

hm,u

mu

Fig. 1. Multi-user massive MIMO uplink system.

A. Geometric System Model

As in [11], a uniform linear array (antenna spacing da) is

assumed at the receiver. The Nu users are located in front of

the array; user u at a distance du and position mu, cf. Fig. 2.

The model in [11], which assumed omni-directional (isotropic)

antennas, is now generalized to include the effect of different

antenna radiation patterns.
The discrete-time model (symbol interval T ; equivalent

complex baseband) of the individual channels between user u
and antenna element m comprise pulse shaping at the transmit-

ter, the continuous-time flat-fading channel (with attenuation,

path loss, and fast fading), matched filtering, and symbol-

spaced sampling at the receiver. The channel coefficient hm,u

is hence given as

hm,u = ch · r
−γ/2
m,u · C(ψm,u) · hu,b,i.i.d. . (1)

Here, r
−γ/2
m,u is the component due to the path loss (distance

rm,u and path loss exponent γ), C(ψm,u) models the antenna
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pattern (w.r.t. voltage on a linear scale), where ψm,u is the

relative angle (cf. Fig. 2) between antenna m and user u.

The i.i.d. zero-mean unit-variance complex Gaussian random

variable hm,u,i.i.d. accounts for fast fading effects which are

caused by scatterers located in vicinity of the user; ch is a

normalization constant.

du ψm,u

da

mu−1 mu m mu+1

uniform linear antenna array

user u− 1 user u user u+ 1

rm,u

ψm,u

Fig. 2. Geometric system model for multi-user massive MIMO transmission.

The model can be specified via the average received power

Pm,u at each antenna m induced by user u, i.e., the power-

space profile (PSP) [11]. Since hm,u is zero-mean, this calcu-

lates to (cf. [11])

Pm,u
def
= E

{
|hm,u|

2
}

(2)

= E
{
|ch · r

−γ/2
m,u · C(ψm,u) · hu,b,i.i.d.|

2
}

= cp · e
−γ/2·log(1+|m−mu|

2/d2

r,u) · |C(ψm,u)|
2

≈ cp · e
−|m−mu|

2/(2ζ2) · |C(ψm,u)|
2 , (3)

where dr,u
def
= du/da is the relative distance (normalized to

the antenna spacing) of the user u to the array; mu and dr,u
characterize the user; cp = |ch|

2 is a normalization constant.

The quotient ζ2
def
= d2r,u/γ is then used to describe the path

loss in relation to the relative distance of the user u. From

Fig. 2, the angle ψm,u under which user u is seen by antenna

m, calculates to

ψm,u = tan−1(|m−mu|, dr,u) , (4)

using the 2-argument arc-tangent function, tan−1(y, x).

B. Idealized Antenna Patterns

In order to reduce the overlap in the PSP of neighboring

users and hence achieve a better user separation, the antenna

pattern should have some directed characteristics. In the

present study, an idealized antenna with pattern [2], [13]

C(ψ) =
√
Gi cos(ψ ·Nnotch/2) (5)

is assumed, where Nnotch ∈ N is the number of notches or

nulls in the pattern. The boresight of each individual antenna,

ψ = 0◦, is always perpendicular to the array; all boresights are

parallel to each other. The boresight gain Gi is chosen such

that the average received power seen by the antennas in the

array is that of an omni-directional (isotropic) antenna, i.e.,

1

2π

∫ π

−π

|C(ψ)|2 dψ = 1 . (6)
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Fig. 3. Azimuth gain plot, i.e., G(ψ) versus the azimuth angle ψ. Black:
omni-directional (Nnotch = 0); Red: Nnotch = 2; Blue: Nnotch = 16.

Fulfilling (6), we have Gi = 2, and we can define the antenna

gain pattern (w.r.t. power) as

G(ψ)
def
= |C(ψ)|2 , (7)

and set G(ψ) = 1 for Nnotch = 0, i.e., for an omni-directional

antenna.

An example of antennas with different gain patterns can be

seen in Fig. 3.

C. Noncoherent Detection

We assume a block fading channel model, where the fading

coefficients hm,u are randomly chosen according to (1) but

then constant over a burst of size Nbl. In view of block-

wise processing applying multiple-symbol differential detec-

tion (MSDD) [4] or its reduced-complexity version decision-

feedback differential detection (DFDD) [1], [12], we consider

the receive block over the Nrx receive antennas and over Nbl

time steps. It is given by [11]

R =
∑Nu

u=1
hubu +N , (8)

where hu
def
= [h1,u, . . . , hNrx,u]

T is the (column) vector of

channel coefficients for user u and bu
def
= [b0,u, . . . , bNbl−1,u] is

the (row) vector of transmit symbols of user u. The matrix N

collects the circular-symmetric zero-mean complex Gaussian

noise nm,k with variance σ2
n .

Differential detection of the symbols of user u can then be

based on the Nbl ×Nbl correlation matrix

Zu
def
= R

H
W uR , (9)

using the user-specific diagonal weighting matrix [11]

W u
def
= diag(w1,u, . . . , wNrx,u) . (10)

The operation of DFDD in the massive MIMO scenario was

given in [11]. Performance improvements can be obtained by



additionally applying noncoherent decision-feedback equaliza-

tion (nDFE) over the users [6]. DFDD/nDFE establishes a

low-complexity but well-performing strategy for noncoherent

multi-user detection. A sufficiently accurate approximation of

the signal-to-noise-plus-interference (SINR) for DFDD/nDFE

was derived in [6]. For user u it reads

SINRu =
η2u,u + σ2

u,u,u∑
ν /∈D,ν 6=u

η2u,ν +
∑

(ν,µ) 6=(u,u)

σ2
u,ν,µ + σ2

n,u

, (11)

where D is the index set of the already detected users and

ηu,ν
def
=

∑Nrx

m=1
wm,uPm,ν , (12)

σ2
u,ν,µ

def
=

∑Nrx

m=1
w2

m,uPm,νPm,µ , (13)

σ2
n,u

def
=

∑Nrx

m=1
w2

m,u

(
σ4
n
+ 2σ2

n

∑Nu

ν=1
Pm,ν

)
. (14)

A close look reveals that the SINR purely depends on the PSP

Pm,u and the weighting factors wm,u, u = 1, . . . , Nu, m =
1, . . . , Nrx (we assume the noise variance σ2

n is also known).

Hence, given the PSP, the weighting factors can be adjusted

in order to maximize the SINR of each user individually. In

this paper, this is done via numerical optimization. The use

of a Gaussian weighting with optimized window width as in

[11], [6] is no longer suited in the present case of multi-modal

PSPs.

III. SIMULATION RESULTS

Simulations were conducted for a Nu = 3 user scenario, as

depicted in Fig. 2, using a Nrx = 100 antenna uniform linear

array. Users 1 ( ) and 3 ( ) are placed in front of antennas

20 and 85, respectively. The position of user 2 ( ) is varied

between antenna 30 and 70. A relative distance dr,u = 38
and propagation exponent γ = 3.6 were chosen (resulting in

ζu = 20, ∀u, as in [11]). The PSPs are calculated according

to (3) and the PSP of each user is normalized (constant cp)

for an average total receiver power of one. This guarantees a

comparison purely based on the interference situation / shape

of the PSP and eliminates effects of different scalings. The

noise power is fixed such that Es/N0 = 1/σ2
n =̂ 14 dB.

Each user transmits differentially encoded 4PSK symbols;

the block length is Nbl = 200. Detection is either performed

via DFDD (individually per user) or DFDD with noncoherent

DFE over the users (DFDD/nDFE with optimal detection

order). In each case, the required weighting factors are ad-

justed via numerical optimization using Matlab’s nonlinear

optimization tools.1

For comparison, coherent BLAST [7] with perfect channel

knowledge is included in the numerical simulation results. In

Fig. 4, the symbol error rate is depicted over the the position

m2 of user 2. Colors correspond to users. From left to right

1For the numerical simulations, the positions of the three users—which
are required for the optimization of the weighting factors—are assumed to
be perfectly known. This assumption is valid, since the user position can be
accurately estimated by means of eigenvalue decomposition of the receive
matrix R. Additionally, since the antenna configuration is known at the
receiver, the PSP can be estimated with sufficient accuracy from R.

and first/second row the results for omni-directional antennas

(Nnotch = 0), Nnotch = 2, 4, 8, 16, and 32 are shown. Please

note that the entire array always uses the same antenna type.
As already observed in [6], when user 2 is close to user

1 or 3, a degradation in the performance of said users is

present since there is a high overlap of the users’ PSPs.

This degradation is differently pronounced for the antenna

types. Worst case are clearly omni-directional antennas. Using

Nnotch = 2, the main lobe width seen by the transmitting

users is approximately that of the omni-directional antenna,

and, hence, performance is similar to Nnotch = 0. Good

results are achieved with Nnotch = 4; here a strong directivity

perpendicular to the array is present; little interference is

caused by the other users. For Nnotch ≥ 8 a fluctuation of

the performance over the position is visible. This is due to the

interference collected by the side lobes of the antenna pattern.
If significant interference (especially for the middle user

( )) is present, employing nDFE will provide substantial gains.

If interference is largely avoided by the antenna design (as for

Nnotch = 4), only little can be gained. We can also note that

in contrast to using the Gaussian weighting with optimized

window width only as in [11], [6], the performance of DFDD

and DFDD/nDFE is (almost) the same for users 1 ( ) and 3

( ) when numerically optimizing the weighting factors. Using

the optimized weighting factors almost all interference from

user 3 ( ) into user 1 ( ) is avoided (and vice versa), and no

further cancellation of (average) interference is required.
A comparison with the BLAST scheme reveals two obser-

vations. First, as a well-known fact, there is a performance

loss of the noncoherent scheme compared to the coherent one.

However, this comparison is not really fair, as perfect channel

knowledge is assumed. Taking the estimation error, obtained

with practical finite-length training, and the rate loss due to the

necessity of accommodating the training symbols in the burst

into account, the noncoherent scheme may even outperform

the coherent one, cf., e.g., [5].
Second, as can be seen from Fig. 4, in the coherent case, the

performance of the users is independent of the position. This is

due to the fact that here the phases of the channel coefficients

can be utilized. Via this phase information, even closely spaced

user can be separated. Moreover, the performance of BLAST

is almost independent of the used antenna pattern.2

In summary, it can be stated that when using noncoherent

detection, the antenna pattern has a much more significant

influence on the performance. In a practical situation, coher-

ent detection—with the need of pilot symbols and channel

estimation—and noncoherent schemes can, in principle, have

a similar performance. The strong influence of the PSP on the

performance of noncoherent schemes can be used to optimize

the antenna patterns in a given scenario.

2The slight differences in the performance can be explained as follows:
According to the PSP, a certain number of antennas receive significant power
and hence is “relevant” for a user. Since in the varying scenarios and for the
individual users a different number of antennas is relevant, i.e., a different
number of channel coefficients are active, the receiver-side combining leads
to different diversity orders. Noteworthy, as the receiver power is normalized,
the slightly different performance of the users is not due to varying powers.
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Fig. 4. Symbol error rate vs. the position of user 2 ( ) using different antenna patters. Top row: omni-directional, Nnotch = 2, Nnotch = 4; bottom row:
Nnotch = 8, Nnotch = 16; Nnotch = 32. Es/N0 =̂ 14 dB. Nu = 3; m1 = 20 ( ), m3 = 85 ( ); colors corresponding to users; grayed colors: BLAST.
Uniform linear array with Nrx = 100 antenna elements. Power-space profile according to (3) with dr,u = 38 and γ = 3.6, ∀u, and normalized to unit power
per user. Burst length Nbl = 200. M = 4-ary DPSK.

IV. OPTIMIZATION OF THE ANTENNA PATTERN

As seen in the last section, the antenna pattern has a significant

influence on the performance. Consequently, we introduce new

degrees of freedom to optimize the antenna pattern/antenna

configuration to achieve best performance in the noncoherent

case.

A suited criterion for optimization is the minimum SINR

of the users. Since the receive weighting has to be optimized

individually for each user, we have

minSINR
def
= min

u=1,...,Nu

(
max
wm,u

m=1,...,Nrx

SINRu

)
. (15)

Consequently, by choosing the radiation pattern Gm(ψ) of

antenna m, we change the PSP (3) and hence can opti-

mize the minimum SINR. Assuming we have NA differ-

ent antenna patterns which are collected in the set G
def
={

G(1)(ψ), G(2)(ψ), . . . , G(NA)(ψ)
}

, the optimization task

reads {
G1, . . . , GNrx

}
def
= argmax

Gm∈G

m=1,...,Nrx

minSINR . (16)

For this optimization, a greedy approach is employed. The

optimization algorithm is given in the pseudo-code as Alg. 1.

The algorithm (which returns the vector a = [a1, . . . , aNrx
]

of pattern numbers) iterates over all antennas, selecting the

radiation pattern G
(a)
m (ψ), a = 1, . . . , NA, m = 1, · · · , Nrx,

which locally maximizes the minimum SINR.

A. Using Electronically Switchable Antennas

One possible degree of freedom for optimization is to

employ electronically switchable antennas [3], where the

Algorithm 1 Pseudo-code representation of antenna optimiza-

tion algorithm for massive MIMO.

a = optAntennas(G, Nrx, Niter)
1: a = [am], am := 0, m = 1, . . . , Nrx

2: for l = 1 to Niter {
3: D := randperm(Nrx)
4: for m̃ = 1 to Nrx {

5: calculate P
(a)
m,u acc. to (3), using G

(a)
Dm̃

, a = 1, . . . , NA

6: calculate minSINR(a) acc. to (15), a = 1, . . . , NA

7: aDm̃
= argmaxa=1,...,NA

SINR(a)

8: }
9: }

10: return a

boresight lobe can be switched between two different angles.

A simple and natural choice is to use a rotation angle of
π

Nnotch

; here main lobes and notches are simply interchanged.

Hence using (5) and (7), we have G(1)(ψ) = G(ψ) and

G(2)(ψ) = G(ψ + π/Nnotch).

Numerical results for the Nnotch = 4 scenario and two

rotation angles are plotted in Fig. 5. Compared to the results

of Fig. 4, we can see a more “balanced” performance of all

3 users. The best performing user, user 3 ( ) when m2 ≤ 45
and user 1 ( ) when m2 ≥ 55 respectively, suffers a small

performance loss, while the remaining users have a noticeable

gain. This ensures a low error rate for all 3 users, rather

independent of the position of user 2 ( ). Additionally, we

see that if the 3 users were sufficiently spatially separated,

i.e., 45 ≤ m2 ≤ 60, interference is largely avoided; no further

gains are achieved via nDFE.
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Fig. 5. Symbol error rate vs. the position of user 2 ( ) using electronically
switchable antennas with Nnotch = 4 and two rotation angles. Es/N0 =̂
14 dB. Nu = 3; m1 = 20 ( ), m3 = 85 ( ); colors corresponding to
users; grayed colors: BLAST. Uniform linear array with Nrx = 100 antenna
elements. Power-space profile according to (3) with dr,u = 38 and γ = 3.6,
∀u, and normalized to unit power per user. Burst length Nbl = 200. M = 4-
ary DPSK.

B. Using Tuneable Antennas

A second approach to increase the spatial separation of the

users is to have antennas in the array where between multiple

radiation patterns can be switched, e.g., by means of radiation

pattern tuning [14].

Numerical results for antennas where between Nnotch = 4
and Nnotch = 8 can be switched are plotted in Fig. 6. In both

cases the angle of main radiation is 0◦. Compared to the results

of Fig. 4, we see again the more “balanced” performance of

all 3 users. With this configuration, almost the same results as

in Fig. 5 for the case of rotation are obtained.

V. CONCLUSIONS

We have shown that, by using antennas with different radiation

patterns, the performance of noncoherent multi-user massive

MIMO systems can be influenced and significant performance

gains can be achieved. This design can be used to reduce

the SER over a larger range of positions. By using tuneable

antennas that can generate different radiation patterns, an

optimum performance scenario can be created to maximize

the minimum SINR for all users. We have also shown that, by

employing electronically switchable antennas in the array, and

steering each individual antenna, or by employing antennas

that can be tuned to different gain patterns, additional perfor-

mance gain can be achieved which provides better quality of

service for all users.
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