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Abstract—The use of large-scale antenna arrays can bring interaction with the integrated antennas in the current and
substantial improvements both in energy and spectral ef ciencies. future consumer devices in uences performance of the antenna
This paper presents an initial study of user equipment (UE) systems as well as of the overall communication system. User
antenna performance based on prototypes for a massive MIMO . . o
test bed. Most publications in the massive MIMO area have 'Oad'f‘g O_f the_ antenna_s cannot be avoided and it is a challenge
assumed isotropic or dipole antenna characteristics at the UE t0 minimize its negative effects on the performance. When
side. It is, however, of greatest interest to evaluate the impact channel variations that originate from user-loading of the
of realistic antenna implementations and user loading on such antenna occur, they are commonly compensated for by means
systems. In this study antennas are integrated into realistic UE of higher power, which is an inef cient method. From the

form factors. Simulations are carried out to evaluate system UE tive. introducing di it t in the t inal
performance using the UE antenna characteristics measured in a Perspective, introducing diversity antennas in the terminais

Satimo StarGate 64. Comparisons are made with ideal isotropic Was initially a way to combat performance degradation caused
un-correlated antennas. The presented UEs are designed for the by fading. Higher diversity gains, however, often originate

3.7 GHz band used by the LuMaMi massive MIMO test bed at from overlooked loading generated antenna losses. Due to
Lund University. _ the channel hardening effect antenna diversity should not be
Index Terms— antenna, measurement, massive MIMO, system . . . .
performance, channel interaction, antenna pattern. necessary in MaMl terminals, but we expect that it can not
be avoided in devices where the antennas may be exposed to
loading.
I. INTRODUCTION
Massive MIMO (MaMi) technology [1] is emerging as
one of the major candidates for increasing capacity and ef -
ciency of future wireless communications systems [2]. Recentwhile the impact of UE antennas in MaMi systems is a large
predictions show that energy ef ciency can be increased laynd complex topic, we start our investigations by performing
several orders of magnitude and spectral ef ciency by at leasinulation studies along the lines of multiplexing ef ciency
one order of magnitude, under reasonable assumptions asnde ned in [6]. Multiplexing ef ciency is a gure of merit
channel behavior and system con gurations [3]. Predictiorisr the combined UE antennas in a MIMO system, under
like these have opened up a frenetic research activity tife assumption of isotropic propagation conditions. In [7]
the eld. Despite great efforts spent on investigating howhe authors developed the concept further to take arbitrary
efcient MaMi systems should be designed, the terminalistributions of incoming power into account. In this paper
perspective has been almost entirely neglected. One reag@nuse this concept and extend it to a full MaMi system with
for this is that most of the new concepts relate directly to thaultiple UEs, each having an arbitrary number of antennas.
base station and only indirectly to the terminal devices. Thllowing [7], and for reasons of tractability, we adopt the
terminal designs will, however, to a large extent in uence thgronecker channel model
overall performance of MaMi systems, including how well
different MaMi transmission techniques perform under real

conditions and how transmission protocols are designed.whereR denotes the UE antenna correlation matrix &hg
notable exception to the base station (BS) focus is [4] whee a white, independent and identically distributed (i.i.d.),
the impact of non-linearities in the UE implementation al’@omp|ex Gaussian channel. It is also, in this rst Study,
studied. The study concludes that HW impairments of the Ufssumed that the large BS array has zero antenna correlation.
limit the achievable capacity as the number of BS antenngsye in the MaMi context incorporate all UE antennas from
grows large. different terminals intd&R and assume zero correlation between

In contrast to most published studies in the MaMi areantennas on different terminals we getidn N correlation
where ideal or omni-directional UE antenna behavior is agyatrix 0 1

sumed, we address real UE antenna designs, integrated into R: O 0
commercially available smart phone chassis. The antennas are R = % 0 Re 0 E; @)
tuned for operation in the 3.7 GHz band used by the Lund oo :
University MaMi (LuMaMi) testbed [5]. The unavoidable user 0 0 Rk

Il. APPROACH

H = R¥™H; (1)



where Ry is the Ny Ny correlation matrix for theNy separate antenna and environment in uences we use direc-

antennas on UKk and tional descriptions below. To illustrate the difference between
N MaMi and conventional systems we need to introduce some

N = Ny: (3) hew measures. To make the investigation manageable we also

k=1 make some simplifying assumptions that may upper bound the

- _results.
:erf ngrlgmlt:;u;alvgﬁt;r?:%g; twc:sa:rtﬁ\lnnal\s/l pme;tﬁf' "€ The rst assumption is that the MaMi BS is capable of
Trlie eigenv;alue distribution dfiH Hngves an indication (‘)f providing phase coherent signals from different clusters of
PCs with individually controlled amplitude to each antenna,

the system performance and we are able to analyze how the . . : )
system capacity is affected by the individual UE antenny < set to unity. The effective gain (EG) and mean effective

performances. The correlation matricés are calculated gain (MEG) of an antenna, for a speci ¢ scenario, are both

- _ . . n(%rmalized to the performance of an isotropic ideal radiator,
by combining measured antenna characteristics with dn‘fer%r the same scenario. This. however hides the additional

angular distributions on incoming clusters of multipath compo-_. . . . ” ) .
: . ain available in a MaMi system. Traditionally, diversity or
nents (MPCs). For the ideal case, where there is no correlation . . : . : )
. multiplexing gain offered by a channel is obtained in the
between any of the UE antennaR, becomes a diagonal . : )
. . . . receiver, as seen in e.g. RAKE and MIMO, and there is
matrix. As an illustration of what happens for other correlation ; e -
. no need to include this in the antenna characteristics. In
values, we present expected values of the sorted eigenvalues . I o . . .
H : OUr investigation, however, it is of interest to visualize the
of HH ™, for a set-up with a 50-antenna BS and four two- | .. . . o )
! . dditional gain obtained within the channel in order to be able
antenna UEs (see Fig. 1). For low antenna correlation, the . :
. 0 compare the performance improvements offered by different
\svlversity schemes and antenna con gurations. Therefore, we
[tfoduce two new measures, the combined coherent gain
CG) and combined non-coherent gain (CNG). If we assume
a cluster of MPCs with an angular spread (AS) illuminating
the antenna from an arbitrary angle of arrival (AoA), we can

describe the MEG for such a cluster as

R
;) d
( ; ;(;);A):W (4)

where and are elevation and azimuth AoA, respectively,
( ;) is antenna gain at this AoA, and A is an integration
area around and de ned by the AS. We assume uniform
@fstribution of incoming power over this area. The polar
coordinates are dened for 2 ( ; ) and 2 (0; ) with

. . H orientation according to Fig. 2. Polarization direction is also
The exact relation between eigenvalues HH and . .
de ned accordingly, with components along and

system performance is non-trivial and can be measured in
several ways, which is beyond the scope of this paper. In short,
the proposed approach is simplifying the analysis to:

1) concentrating information about UE antenna properties
(patterns) and angular distribution of incoming clusters
to a single antenna correlation mati® per UE, and

2) thatRy be used in the model (1) to evaluate performance
of an entire MaMi system with realistic UE properties. .

The assumptions enable us to quickly analyze howWe dene CCG as an expectation

p q y y
degraded antenna performance of a single UE, or a ( X )
number of UEs, in uence the entire system. We can CCGn;A)= E . iC i i Cis inA) (5)
also compare different operational modes (diversity vs. i=1

spatial multiplexing) for individual UEs. for n clusters with randomly distributed AoAs, all with the
In the paper we focus on the analysis of UE antenrame AS. Expectation is over; , which are vectors col-
pairs and spatial multiplexing properties. We concentrate @cting then random AoAs and i( i; i; ( i; i);A) is
the limitations seen for the individual antenna con gurationgie ned in (4). If the AoAs are uniformly distributed over the
henceR, and how the antenna performance may impact th@here this equals

performance in a MaMi context. The underlying mechanisms
approximated by the model (1) include directional properties
of both environment and antennas. In order to more clearly

capacity, and the opposite as the antenna correlation gro
Antenna correlation is, as we will show, affected by angul
spread (AS), distribution of clusters and channel richness.

Fig. 1: Impact of pairwise increase of correlation between UE antennas
eigen values.

Fig. 2: Orientation of and

CC(E(n) = iso = N isos (6)



where g is the total isotropic ef ciency (Tk) of the an-

tenna. The contribution from each cluster is added in amplitude
as we assume coherent contributions from all clusters after
massive MIMO pre-coding. For the non coherent case we
correspondingly de n8e 9

200 i (s i);A);_ (7)

CNG(n;A)= E .

i=1 Fig. 3: CCG and CNG for ideal isotropic radiator vs. number of clusters.

which, for uniformly distributed AoAs becomes transmission channel determines the AoA and that the small

v
X D spacing between the UE antennas cause the AoA for each
CNG(n) = t 2 =N iso; (8) cluster to be the same for all the antennas in a UE. Here
i=1 we introduce an error in directions where antenna pattern

orrelation is large and gain imbalance is moderate. The results

assuming the phase of each contribution to be independent ﬁH therefore be seen as upper bpunds on Wha.lt to expect

. - .~ .. from a real system. A deeper analysis of the magnitude of the
uniformly distributed over the sphere. The last simpli CatlorEjeviation is not included as we assume it to be small. For a real
in both (6) and (8) are possible as the expectation g '

is independent om. From a simulation perspective we cartystem the problem can be solved with zero forcing or other

calculate the expected CCG by means Monte Carlo (Ma}ethods to ensure orthogonality. For the squared correlation,
simulation and

where we add the power contribution from each cluster

R
Aot (El EZ)dA

P P - A .
KoM iCa o (oA ECCv = &R R ’ (13)
CCG(n; A) ' ©(9) KE 1kdA , KE ,kdA
K Atot Atot
where n is the number of clustersK is the number of where the vectolE, = [E ,;E ] contains the complex
random realizations of the AoA, and for eakhnew ; E-elds for each polarization for antenna. Integration is

are generated. As we know that, has no dependency an performed for the combined area of the multiple clusters,
we can make the same simpli cation as in (6) and (8) also in,,; as de ned in (10). The ECK;, can be interpreted as the

our simulation, and squared local correlation and we can use it to calculate
P« R (5 )dA P q 8 ( )dAR ( 2)dA
0 ! K " ot 2
ko1 n Atot A CCGM k=1 n At tAm[ Ay [Am (1 ECC%)()
CCGQ(n; A) (10) PE K
K (14)

yield the same result as (9) for largfe. In (10) we integrate for high SNRs [6]. This approximation becomes more accurate
over the combined area,i = [ -1 Am, Of all clusters as K grows. We need to integrate overpAas the effect
instead of each individual area,»A as in (9). Equations (9) of reduced gain imbalance otherwise will be lost when the
and (10) approach (5) for larg€. In our MC simulations we number of clusters grows larger. Like in (10) we need to
found K = 2000 to be suf cient. Expression (10) is usefulmultiply each antenna MEG by, in order to include the
later in the calculation of multiplexed CCG and multiplexe@ffect of coherent amplitude addition of the multiple clusters.

CNG. The CNGPcan be Destimated as For the CNGype the corresponding expression becomes
k P > — ; ; q-—=r R
- 20 o TO)A P dA dA
ongi) st L OB gy T e 2P el ECGy,)
PE ’
and similarly K 5)
P p,R (: )dA and, like in (12), we multiply each antenna MEG byn,
,'f:l n-fol——— since the power from each cluster is added. All expressions

CNG(n; A) (12) are dened for linear units while the results are primarily
presented in dB. The expected performance of GRreGand

As cluster powers are added in (11), the %\"EG for the coneNGype for two uncorrelated ideal isotropic antennas would
bined area in (12) needs to be multiplied byr. Again (11) equal CCG and CNG shown in Fig. 3.
and (12) approach (7) @ grows large.

Fig. 3 shows CCG and CNG for an ideal isotropic radiator. [Il. ANTENNA EVALUATION RESULTS
For CCG the slope is 3 dB each time the clusters are doubled-or the investigation, ve Sony Xperia ZL and Xperia SP
and for the CNG case it is 1.5 dB. It is noted that CC@hassis have been modi ed with different antenna con gura-
and CNG for a single cluster are the same and equals tians. Either with four antennas and circuitry for switching
isotropic total ef ciency (Tks,) of the radiator. Looking into between any antenna pair combination or with two antennas,
combined antenna performance metrics, we assume that ltheated at the top and bottom. For the four-antenna prototypes



two antennas are located at the top corners, one at the sSdee as Fig. 3 but based on the measured FS patterns from the
and one at the bottom. The Tk for free space (FS) is four-antenna prototype. Performance is plotted with different
similar, about -5 dBi for all 4 antennas, including the loseolors for different antennas. CCG grows almost ideally with
from the switch circuitry. All antenna con gurations haveabout 3 dB per doubling of clusters and CNG with about 1.5
been characterized in a Satimo StarGate 64 measurens®t The MaMi gain is obvious but may also translate to faster
facility. 3D patterns for FS, left and right hand (LH/RH)roll-off when the channel becomes poor. Despite the faster
beside head with hand left and right (BHHL/R) have also beeall-off, the CCG never gets worse than the CNG. The local
measured. The Tk range over levels from -5 dB down to -14

dB dependent on load scenario. Fig. 4 shows the measured

FS antenna E- eld patterns for the four-antenna prototype,

with ellipses indicating polarization. It can be noted that the

patterns for the two top and the side antennas are rather

omni-directional, while the bottom antenna shows a directivity

downwards. For the two-antenna prototype, the patterns for

Fig. 6: CCG and CNG vs. number of clusters with ASsfbr the four antenna
prototype in FS.

antenna correlation pattern for a single cluster (n=1), EGC
and multiplexed ef ciency pattern, CGgpg, for an AS=4for
the two top antennas on one of the prototypes are shown in
the upper part of Fig. 7. Below, the corresponding CDFs for a
wider range of AS are shown. Even if the antenna correlation
is low in an isotropic environment, the dependency on AS of
incoming clusters is substantial and the correlation degrades

i 4 ES sert o t o o Ifor a more narrow AS (lower left). The AS also in uences

o e e e B e ok o eEerdhe CCGuee, Whih is seen s less steep slopes when the AS

and black right hand polarization. ecreases (lower right). This translates to larger variations and
a worse minimum.

both antennas in FS show directivity in different directions and

their ef ciencies are also quite different. The bottom antenna

has a Tk, of -3 dB and the top antenna -4.6 dB.

Fig. 5 shows cumulative distribution functions (CDFs) for

E- eld patterns for two of the antennas, with different colors

for different load scenarios. For each scenario the impact of

AS, ranging from 4to 90 is included as curves with the

same color. The load not only decreases the average power

by moving the curve to the left but usually also decreases

the slope, i.e. directivity which translates to larger variation

for different AoA. AS tend to have larger impact when the

antennas are loaded and increases the variation even more__j.e. o _
Fig.'7: FS performance for the combination of the top antennas, in terms

higher pro_bgbi!ity of Iow.ef ciency that may Igad to drop oUtSof Ecc,_(n=1) and CCGpe(n=1) patterns for an AS=4 Below the
The directivity increase is caused by a combination of the hangresponding CDFs for a wider range of ASs. The EG®@ and the

and head absorption and impact on the current distributions &fGvres,=-5-2 dB.

the radiators. It can also be noted that the slope of the bottom

antenna CDF (right) for FS (blue) is less steep compared toFig. 8 shows average EGG and average CCfpg, as

the top L antenna (left) already for FS condition. In Fig. 6le ned in (13) and (9), vs. the AS for a single cluster. The
gures for FS and BHHL conditions are included for all 6
antenna combinations for the four-antenna prototype. We see
low load dependency on EGE;, except for the combination
of top-right and side antenna (indexed TR/S) where the hand
probably was close to touching the radiator and obviously
affected the current distribution. Larger load dependency on
ECG,,, is expected for lower frequencies as the wavelength

Fig. 5: CDFs of antenna E- eld patterns for two of the antennas ~ approaches the size of the prototype and the hand to a larger

extent interacts with the current distributions as they to a

we see CCG and CNG vs. number of clusters, which is therger extent are located in the actual grounding structure.



For the CCGpg, there is an offset based on the ef ciencycombinations. This is to be compared with the expected 3 dB
drop. For FS (upper curves), combinations with the bottodiscussed earlier and depicted in Fig. 3. The result may be
antenna (indexed B) have steeper slope due to the higiveerpreted as 3 dB comes from doubling the energy and 3
directivity and this yields larger probability for AoA dependentiB from the fact that two clusters are needed for multiplexed
gain imbalance as the AS gets small. In order to evaluatperation (rank 2).

IV. SUMMARY AND CONCLUSIONS

Simulations show that the channel in combination with the
antenna directional properties have a substantial impact on
the performance of a MaMi pre-coded system. Going from a
single cluster to two clusters improves Cfg€s signi cantly
more than increasing AS area by a factor of 2 (3 dB vs. 0.1
Fig. 8: Average ECGpe and average CG@e for FS and BHHL vs. As for  dB) due to the impact of the gain imbalance and the fact that
single cluster. the two clusters come in from different AoAs. This tells us that
even if the BS may be able to improve phase coherence within
what happens to the average Ef;Cand average CCépe in  a narrow cluster of MPCs the impact of gain imbalance at UE
the different load scenarios, MC simulations of (14) and (15)de can not be compensated for. The results indicate between
have been performed where the number of clusters increagesnd 5 dB of additional drop for single cluster as compared
from one to eight, with random AoA and all with same ASto the isotropic multiplexed ef ciency. However, CGfee is a
Fig. 9 shows the average E&C vs. number of clusters for rank-two performance indicator and the results simply indicate
an antenna pair in the four-antenna prototype. The curves #hat we need to switch to rank one, i.e., diversity mode. It
colored according to load in the left sub- gure and accordingan also be mentioned that a design with cross polarized UE
to AS in the right sub-gure. While for a single antennaantennas would be less sensitive to the channel richness.
combination, the presented EgCare quite representative for For the ECG,, there is no or very little dependency on load
any of the antenna combinations and point towards a low loé@ most antenna combinations while smaller AS and fewer
dependency and a strong AS dependency. It can be noted thiasters degrade it signi cantly from the isotropic value (which
the ECG,, converges towards isotropic performance as tlie zero for all our antenna combinations). What happens
number of clusters grows large. with the local correlation, ECL;,, when we go down in
frequency is an interesting topic. In this situation the E¢C
is known to vary as current distributions are more affected by
user interaction, but the average local correlation may behave
differently.
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