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Evaluating 
Downlink 
MU-MIMO

The Third Generation Partnership Proj-
ect (3GPP) finalized the radio inter-
face specifications for the next 
generation mobile communication 

system, Long Term Evolution (LTE), as Release 8 [1], 
[2]. LTE provides full IP packet-based radio access 

with low latency and adopts orthogonal frequency divi-
sion multiple access (OFDMA) and single-carrier frequen-

cy division multiple access (SC-FDMA) as multiple access 
schemes in the downlink and uplink, respectively. In 

Japan, the NTT DOCOMO launched a commercial 
LTE service in December 2010 under the new ser-

vice brand “Xi” (crossy) [3]. Meanwhile, in 
3GPP standardization, there have been 

ef for ts  toward establ ishing an 
enhanced LTE radio interface, LTE-

Advanced (LTE Release 10 and 
beyond), and specifications for 

LTE Release 10 were finalized [4], 
[5]. In LTE-Advanced, it is necessary 

to support a wider bandwidth than 
that in LTE Release 8, i.e., 20 MHz, to sat-

isfy the high level requirements corre-
sponding to the target peak data rate of 

greater than 1 Gb/s. To this end, LTE-
Advanced supports carrier aggregation (CA) up 

to 100 MHz by aggregating multiple component 
carriers (CCs) with backward compatibility to LTE 

Release 8. In addition, to satisfy the requirements for 
further improvement in terms of spectrum efficiency, 

enhanced multiple-input multiple-output (MIMO) tech-
niques such as higher-order MIMO multiplexing and multi-

user (MU)-MIMO are supported.
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Enhanced MU-MIMO in the downlink is an essential 
technique to satisfy the International Mobile Telecom-
munication (IMT)-Advanced requirements for cell spec-
trum efficiency and cell-edge spectrum efficiency in 
macro-cellular and base coverage urban environments 
[14]. In LTE-Advanced, two types of reference signals 
(RSs) are newly defined: the RS used for channel state 
information (CSI) estimation, i.e., CSI-RS, and the RS 
used for data demodulation (DM), i.e., DM-RS. These 
RSs enable enhanced MU-MIMO with inter-user inter-
ference control in the LTE-Advanced. The higher-rank 
transmission using MU-MIMO is beneficial because us-
ing single-user (SU)-MIMO is often limited by the num-
ber of antennas for a set of user equipment (UE). When 
the base station (BS) spatially multiplexes the maxi-
mum of four data streams, which exceeds the number 
of receiver antennas per mobile station (MS), very ac-
curate CSI feedback is required so that the BS can gener-
ate precoding weights to reduce the mutual interference 
between the transmitted data streams of spatially mul-
tiplexed MSs [6]–[8]. Therefore, in our experimental 
equipment, we implement extended CSI feedback based 
on eigenvalue decomposition (EVD) to evaluate the 
potential performance of LTE-Advanced MU-MIMO, al-
though it is not yet standardized as an LTE-Advanced 
specification.

In [6], we reported that, in laboratory experiments 
using a multipath fading simulator, the total downlink 
throughput performance of 1 Gb/s is achieved by apply-
ing four-by-two MU-MIMO to two MSs using CA with five 
CCs (90-MHz bandwidth) based on experimental equip-
ment employing the LTE-Advanced radio interface such 
as DM-RS and CSI-RS. In this article, we further evaluate 
the influence of the number of CSI feedback quantization 
bits for the eigenvectors per subband (SB) on the achiev-
able throughput performance for four-by-two MU-MIMO 
applying adaptive modulation and coding (AMC) and hy-
brid automatic repeat request (HARQ) in the laboratory 
experiments. In the study, we assume two LTE-Advanced 
deployment scenarios: i.e., cellular environments em-
ploying high-elevation BS antennas with high correlated 
fading channel and indoor/small 
cell environments employing BS 
antennas with uncorrelated fading 
channel. In addition to MU-MIMO, 
we evaluate the throughput perfor-
mance for four-by-two SU-MIMO, 
where the precoding is gener-
ated based on CSI feedback that is 
identical to that for MU-MIMO. We 
also clarify the throughput perfor-
mance for MU-MIMO considering 
the number of CSI feedback quan-
tization bits in an indoor office 
environment.

MU-MIMO Scheme for Experimental Evaluations

Time/Frequency Granularity for MU-MIMO Operation
In this article, downlink MU-MIMO with a single BS 
and two MSs is evaluated in laboratory and indoor 
experiments, where the number of BS transmitter 
antennas, NTX, is four, the number of receiver anten-
nas for each MS, NRX, is two, and the maximum num-
ber of data streams per MS is two. Figure 1 presents 
the RS structure for the implemented LTE-Advanced 
transceiver for Rank-4 MU-MIMO. In the frequency 
domain, each CC consists of multiple SBs, where NS is 
the number of SBs per CC. Each SB has the band-
width of FCSI and consists of multiple resource blocks 
(RBs),  each of which contains 12 subcarriers 
( 180 kHz= ). An SB is a unit of CSI feedback. In the 
time domain, the subframe duration, that is, trans-
mission time interval (TTI), is 1 ms, which contains 
14 OFDMA symbols. The RS used for CSI estimation, 
that is, CSI-RS, for each transmitter antenna is period-
ically multiplexed with the time duration of several 
TTIs, TCSI, where the CSI-RS for each transmitter 
antenna is multiplexed using frequency division 
multiplexing and mapped every six subcarriers. Thus, 
the precoding weights for MU-MIMO operation are 
updated with the same periodicity as that for the CSI-
RS with the additional control delay of 10 ms. The RS 
used to demodulate each data stream, that is, the 
DM-RS, which is precoded in the same manner as the 
data streams, is multiplexed with the insertion densi-
ty of 12 resource elements (REs) per RB per stream 
and within each subframe. For Rank-4 MU-MIMO, 
code division multiplexing is used to multiplex 
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Figure 1 R S structure for implemented LTE-Advanced transceiver (Rank-4 MU-MIMO).

We also clarify the throughput 
performance for MU-MIMO considering 
the number of CSI feedback quantization 
bits in a real indoor propagation 
environment.
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DM-RSs between two data streams within the same 
MS, and FDM is used between two MSs. For Rank-2 
MU-MIMO, CDM is applied to multiplex the DM-RSs 
between two MSs.

CSI Feedback Scheme and Quantization
The MS calculates the CSI as feedback information 
and notifies the BS. The MS calculates the eigenvec-
tors and the eigenvalues of the covariance matrix of 
the measured channel, and the received signal-to-
interference plus noise power ratio (SINR) for each 
SB. At the u-th MS (u 1=  or 2), the downlink channel 
matrix N NRX TX#^ h on the k-th subcarrier, Hu(k), is esti-
mated using the received CSI-RS, which is denoted as 

( )kHu
t . Then, the covariance matrix for each SB, 

-
Ru, is 

calculated by averaging ( ) ( )/H k H k Su
H

u u
t t  within the SB 

in the frequency and time domains, where Su is the 
average received CSI-RS power for the normalization 
to remove the effect of path loss and shadowing. 
Below, the calculation of the CSI feedback, which is 
calculated for each SB is presented and the index of 
the SB is omitted for simplicity. By applying the Jaco-
bi EVD [10] to the channel covariance matrix 
as 

-
,R U D Uu u u u

H2=  eigenvalues { , , , }D diag , , , ,u u u u u
2
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2
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2m m mm=  

for ,, , , ,u u u u1
2

2
2
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4
2$ $ $m m m m  and the corresponding eigen-

vectors, (U u u u2 3,1 , ,u u u u=  ),u 4,u  are derived. The two 
highest eigenvalues and the corresponding eigenvec-
tors for each MS are selected for the CSI feedback in 
the case of Rank-4 MU-MIMO, since two data streams 
are multiplexed per MS. Furthermore, the SINR for the 

i-th data stream (i 1=  or 2) of the u-th MS is calculated 
by / ,S, ,u i u i u u

2 2c m v=  where u
2v  is the average noise power 

estimated using the received CSI-RS.
Figure 2(a) shows the bit fields per SB for the CSI 

feedback. Each complex eigenvector component is 
quantized by 13 b at maximum, which comprise NP b for 
phase and NA b for amplitude, using star-type mapping 
as shown in Figure 2(b) for each transmitter antenna 
and data stream. Thus, the quantized phase in radians 
and the amplitude component are represented in the fol-
lowing equations.

	

(Quantized phase)

, ( , ,..., ),p p2 2 0 1 2 1N NP P#r= = -  	 (1)

and

	
(Quantized amplitude)

( )
(otherwise), ( , ,..., ).q
N

q
1

2
0

0 1 2 1N
A N

A
A=

=
= -)

	
(2)

The eigenvalue and SINR for each data stream are 
quantized by 5 and 7 b, respectively. Therefore, the to-
tal number of CSI feedback bits per MS for Rank-4 MU-
MIMO becomes .N N N5 8 24 bS P A# # # + +^ h" ,  In the 
article, we evaluate the influence of the number of quan-
tization bits for the eigenvectors, that is, NP and NA, on 
the achievable throughput, since these parameters have 
a great impact on the total number of CSI feedback bits. 
The MS feeds back the quantized CSI to the BS via the 
uplink shared channel.

Precoding Weight Generation Scheme
At the BS transmitter, the precoding weights for down-
link MU-MIMO are calculated based on the CSI transmit-
ted from the two MSs. The precoding weight matrix for 
each SB is calculated based on the minimum mean 
square error criteria [6]. We note that the generated pre-
coding weights are multiplied to both the data signal 
and DM-RS for each data stream.

Figure 2 C SI feedback quantization. (a) Bit fields per SB for CSI feedback. (b) Quantization of eigenvector (e.g., N 5P= , N 4A= ).
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For Rank-4 MU-MIMO, code division 
multiplexing is used to multiplex DM-RSs 
between two data streams within the same 
MS, and FDM is used between two MSs. 
For Rank-2 MU-MIMO, CDM is applied to 
multiplex the DM-RSs between two MSs.
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Configuration of Implemented  
LTE-Advanced Transceiver

Implemented OFDMA Transmitter  
and Receiver
The major radio link parameters and configu-
ration of the implemented transceiver are 
given in Table 1 and Figure 3, respectively. The 
transmission bandwidth and the number of 
subcarriers of the OFDMA signal in the down-
link are 90 MHz and 6000, respectively (thus, 
the subcarrier separation is 15 kHz). We 
employ CA using 5 CCs (each CC has an 18 MHz 
transmission bandwidth, which is supported 
in LTE Release 8) with contiguous spectrum 
allocation. In this article, FCSI and TCSI for 
MU-MIMO operation are set to 900 kHz 

5 RBs=^ h and 5 ms, respectively. In the BS 
transmitter, the information binary data 
sequence for each data stream and CC is inde-
pendently turbo encoded and data modulated 
using QPSK, 16QAM, or 64QAM. After multiply-
ing the precoding weights for MU-MIMO, the 
data sequence for each transmitter antenna is 
converted into an OFDMA symbol with the 
duration of 66.67 ns using an 8192-point 
inverse fast Fourier transform followed by the 
addition of a cyclic prefix (CP) of 4.69 ns. After 
conversion into baseband in-phase (I) and 
quadrature (Q) components using digital-to-
analog (D/A) converters, quadrature modulation is 
performed. Finally, the intermediate frequency (IF) 
modulated signal is up-converted into the RF signal and 
amplified by the power amplifier, where the center car-
rier frequency is 3.92625 GHz.

At each MS receiver, we apply two-branch antenna 
diversity reception. The frequency down-converted IF 
signal is first linearly amplified by an automatic gain con-
trol amplifier with the dynamic range of approximately 
50 dB. The received signal is converted into baseband I 
and Q components by a quadrature detector. The I and 
Q signals are converted into a digital format using 14-b 
analog-to-digital (A/D) converters. 

After the CP is removed, the OFDMA signal is de-
multiplexed into each subcarrier component using an 
8192-point FFT. Channel estimation for MIMO signal 
detection is performed for each SB using the DM-RS. 
The signal detection scheme based on the maximum 
likelihood detection (MLD) is applied to separate the 
two data streams that are transmitted to its own MS. 
Furthermore, an interference whitening filter is applied 
before the MLD operation in order to randomize the in-
terfering data streams that are transmitted to the other 
MS [11], [12]. Finally, the sequence of likelihood values 
after MLD is turbo decoded using the Max-Log-MAP 

algorithm with six iterations to recover the transmitted 
binary data.

Table 2 summarizes the set of ten modulation and 
coding scheme sets used for AMC in the experiments. 
In order to compensate for the fluctuation in the re-
ported SINR values, the threshold for MCS selection is 
adaptively adjusted by using outer-loop control based on 
acknowledgement (ACK)/negative ACK (NACK) feedback 
signaling from the MS [13]. The control delay of AMC is 
10 ms. We use incremental redundancy for HARQ with 
packet combining and the round trip delay is 8 ms.

Configuration of Laboratory  
and Indoor Experiments
The configuration for the laboratory experimental sys-
tem employing the multipath fading simulators is 
shown in Figure 4. The fading simulators generate a 
six-path exponentially decayed power delay profile 
with the root mean squared (r.m.s.) delay spread value 
of ,pathv  where the relative path power is decayed by 
2 dB and each path is independently Rayleigh-faded 
with the maximum Doppler frequency of fD. Then, addi-
tive white Gaussian noise (AWGN) is added at the input 
of each receiver antenna for each MS. The average 
received signal-to-noise power ratio (SNR) for each MS 

Table 1  Major radio link parameters.

Carrier frequency 3.92625 GHz

OFDM signal bandwidth 90 18 5MHz MHz CCs#^ h
Number of subcarriers 6000 1200 5 CCs#^ h
subcarrier separation 15 kHz

Subframe length 1 ms (14 OFDM symbols)

OFDM symbol 
duration

Effective data 66.67 ns

Cyclic prefix 4.69 ns

Number of antennas BS: 4, MS: 2

Number of MSs 2

Channel coding/decoding Turbo coding/ Max-Log-MAP 
decoding (6 iterations)

Channel model 
(laboratory experiment)

6-path exponentially-decayed 
Rayleigh fading model 
(parameters: fD, vpath)

SB size (FCSI) 900 kHz (5 RBs)

CSI-RS transmission period (TCSI) 5 ms

control delay for CSI feedback 10 ms

HARQ Packet combining Incremental redundancy

Maximum number 
of transmissions

3

Round trip delay 8 ms
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is assumed to be the same in the experiments. We eval-
uate two antenna scenarios, including correlated and 
uncorrelated BS transmitter antennas. In the correlat-
ed antenna scenario, we assume two highly correlated 
transmitter antenna pairs. The fading correlation 

within the pair is set to 0.99 and 
that between antenna pairs is 
set to zero assuming a cellular 
environment for high-elevation 
BS antennas with a relatively 
narrow mul t ipath  angu lar 
spread. In the scenario, we set 

. s0 03pathv n=  and f 10 HzD =  cor-
responding to the moving speed 
of approximately 3 km/h at the 
carrier frequency of 3.92625 GHz. 
Furthermore, the direction of 
departure (DoD) for the u-th MS, 
DoDu, is set to DoD DoD1 2 =" ,  

30 30+ -" , degrees .  In  the 
uncorrelated antenna scenario, 
the fading correlation among 
four transmitter antennas is 
set to zero. In this case, we 
set . s0 03pathv n=  and f 1 HzD =  
assuming an indoor/small cell 
environment. In both scenarios, 
the fading correlation between 
the two receiver antennas of 
each MS is set to zero.

Throughput Performance Using 
AMC and HARQ
Here, we present the basic 
throughput performance when 
the number of quantization bits 
for CSI feedback is sufficiently 
large, that is, N 7P =  and N 6A =  b. 
Figure 5(a) and (b) shows the 
throughput performance using 
AMC and HARQ for MU-MIMO 
and SU-MIMO, which is defined 
as the aggregated throughput 
for each MS, as a function of the 

average received SNR per receiver antenna in the cor-
related and uncorrelated antenna scenarios, respec-
tively. Figure 5(a) shows that, in the correlated 
antenna scenario, the peak throughput of 1 Gb/s and 
570 Mb/s is achieved for MU-MIMO and SU-MIMO, 

respectively. Furthermore, assuming 
rank adaptation, that is, switching the 
number of data streams per MS 
according to the channel conditions, 
the required average received SNR to 
achieve the throughput of 500 Mb/s 
for MU-MIMO is significantly reduced 
by approximately 7 dB compared with 
that for SU-MIMO. In the uncorrelated 
antenna scenario, the peak throughput 
of 900 Mb/s is achieved for MU-MIMO 
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Figure 3  Configuration of implemented LTE-Advanced transceiver. (a) BS transmitter. (b) MS 
receiver.

Table 2  MCS sets for AMC.

Index Modulation Coding Rate Index Modulation Coding Rate

1 QPSK 0.39 6 64QAM 0.47

2 0.47 7 0.56

3 16QAM 0.38 8 0.65

4 0.49 9 0.73

5 0.58 10 0.78



december 2012  |  IEEE vehicular technology magazine	 	 ||| 51 

as shown in Figure 5(b). The figure also shows that 
improvement in the required average received SNR to 
achieve the throughput of 500 Mb/s compared with 
that for SU-MIMO becomes small by approximately 
2.5 dB.

Influence of Number of CSI Feedback  
Quantization Bits on Throughput
Next, we present the influence of the number of CSI feed-
back quantization bits on the achievable throughput for 
MU-MIMO and SU-MIMO. Figure 6 shows the throughput 
performance using AMC and HARQ for Rank-4 MU-MIMO 
when NP and NA are parameterized as 3–7 and 0–6 b, 
respectively, at the average received SNR of 26.2 dB. 
Each figure indicates the perfor-
mance for the correlated and 
uncorrelated antenna scenarios, 
respectively. From these results, 
we f ind that the achievable 
throughput in the correlated 
antenna scenario is robust against 
NP and NA compared to that in the 
uncorrelated antenna scenario. 
This is because it is necessary to 
generate the precoding weights for 
MU-MIMO according to the anten-
na independent fading variation in 
the uncorrelated antenna scenario, 
and thus the influence of the quan-
tization error is further empha-
sized. In both scenarios, we note 
that the throughput for N 1 bA =  is 
lower than that for .N 0 bA =  The 
reason for this is considered to be 
that the quantized amplitude 
becomes zero with high probabili-
ty when N 1A =  as can be under-
stood from (2). Consequently, the 
required total number of quantiza-
tion bits for the eigenvector, that 
is, N NP A+ , to achieve the amount 
of degradation within 10% of the 
throughput  for  N 7P =  and 
N 6A =  b is 5 (N 5P =  and N 0A = ) 
b and 8 (N 4P =  and N 4A = ) b or 
more in the correlated and uncor-
related antenna scenarios, respec-
tively. Table 3 summarizes the 
achievable throughput using AMC 
and HARQ for Rank-4 and Rank-2 
MU-MIMO, and Rank-2 and Rank-1 
SU-MIMO at the average received 
SNR of 26.2, 12.2, 16.2, and 8.2 dB, 
respectively, when N NP A+  is 
parameterized from 5 to 13 b. In 

the evaluations, the best combination of NP and NA is 
assumed regarding the total number of quantization 
bits. Table 3 illustrates that the amount of throughput 
degradation for Rank-2 MU-MIMO and SU-MIMO is within 
10% in both antenna scenarios even when .N N 5 bP A+ =  
Therefore, we find that the achievable throughput for 
Rank-2 MU-MIMO and SU-MIMO is robust against the CSI 
feedback quantization.
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Figures 7(a) and (b) shows the throughput perfor-
mance using AMC and HARQ for MU-MIMO as a func-
tion of the average received SNR per receiver antenna 
in the correlated and uncorrelated antenna scenarios, 
respectively, when N NP A+  is parameterized from 5 to 
13 b. Figure 7(a) shows that, in the correlated antenna 
scenario, although when N NP A+  equaling 9 or more b 
is required to achieve the peak throughput of 1 Gb/s, 
the throughput performance for Rank-4 MU-MIMO is 
relatively robust against the CSI feedback quantization. 
For instance, the peak throughput of approximately 

950 Mb/s is achieved even when .N N 5 bP A+ =  In the 
uncorrelated antenna scenario, we clearly find that 
N NP A+  of 9 or more b is required to obtain sufficient 
throughput gain of Rank-4 MU-MIMO as shown in 
Figure 7(b).

Indoor Experimental Results
We also investigate the influence of the number of CSI 
feedback quantization bits on the throughput perfor-
mance for MU-MIMO in a conference room at the NTT 
DOCOMO R&D Center, which is representative of an 

indoor office environment. The 
dimensions, that is, width, depth, 
and height, of the room are 

. . . ,18 4 12 2 3 8m m m# #  a n d  4 0 
office desks with the height of 
70 cm and 80 office chairs are 
arranged in the room. Figure 8 
shows the BS-antenna arrange-
ment, MS arrangement, and the 
measurement course. The BS 
antennas are located at the center 
of the room, and four antennas are 
linearly arranged with the adjacent 
antenna separation of 7.6 cm (cor-
responds to the wavelength of the 
carrier frequency, i.e., .1 0 m). MS #1 
is static and placed at one end of 
the room around Point A. MS #2 
travels along the course with the 
entire length of approximately 14 m 
from Point A to Point B with the 
moving speed of approximately 
1  km/h .f 3 6 HzD =^ h.  Two MS 
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antennas are arranged 
with the antenna sepa-
ration of 7.6 cm ( .1 0 m). 
The BS and MS anten-
nas are dipole antennas 
with omni-directional 
beam patterns in azi-
muth with the gain of 
approximately 2 dBi 
and placed at  the 
height of 2.4 m and 
1.4 m from the floor, 
respectively. In the 
indoor experiments, 
the BS transmission 
power is set to 20 dBm 

.100 mW=^ h  Over the 
entire course, the BS 
antennas are in direct 
view from the MS antennas, that is, line-of-sight (LOS) 
conditions. The r.m.s. delay spread and the fading corre-
lation between the adjacent BS transmitter antennas and 
the adjacent MS receiver antennas of the measurement 
course, which are calculated based on the received CSI-
RSs, are approximately . ,s0 05pathv n=  0.42, and 0.30, 
respectively. Thus, the indoor environment in Figure 8 is 
broadly similar to the uncorrelated antenna scenario.

Figure 9 shows the cumulative distribution func-
tion (CDF) of the measured throughput using AMC and 
HARQ for Rank-4 MU-MIMO in an indoor office envi-
ronment when N NP A+  is parameterized from 5 to 13 b. 
The measured throughput is averaged over the dura-
tion of 200 ms. Based on the results of Figure 9, we con-
firm that the results exhibit the same tendency of the 
results that in the uncorrelated antenna scenario as 
shown in Figure 7(b). As a result, we find that N NP A+  of 
9 or more bits is required to obtain the peak through-
put of approximately 1 Gb/s for Rank-4 MU-MIMO in an 
indoor office environment.

Conclusion
This article presented laboratory experimental results 
for four-by-two MU-MIMO applying extended CSI feed-
back based on EVD that achieves up to 1-Gb/s through-
put using CA with 5 CCs in the LTE-Advanced downlink. 
The achievable throughput performance considering 
the influence of the number of CSI feedback quantiza-
tion bits for the eigenvectors was evaluated using the 
implemented LTE-Advanced transceiver assuming two 
LTE-Advanced deployment scenarios, that is, cellular 
environments with correlated BS antennas and indoor/
small cell environments with uncorrelated BS anten-
nas. Laboratory experimental results showed that, in 
the correlated antenna scenario, the throughput per-
formance for Rank-4 MU-MIMO is relatively robust 

C
D

F

Measured Throughput (Mbps)

Rank-4 MU-MIMO
AMC, HARQ

13
11
9
7
5

NP + NA

1

0.8

0.6

0.4

0.2

0
200 400 600 800 1000

Figure 9  Indoor experimental results on the impact of N NAP + .

Table 3  Impact of N NP A+  on achievable throughput.

Correlated Antenna scenario Uncorrelated Antenna scenario

MU-MIMO SU-MIMO MU-MIMO SU-MIMO

Rank-4 
(26.2 dB)

Rank-2 
(12.2 dB)

Rank-2 
(16.2 dB)

Rank-1 
(8.2 dB)

Rank-4 
(26.2 dB)

Rank-2 
(12.2 dB)

Rank-2 
(16.2 dB)

Rank-1 
(8.2 dB)

13 913.0 455.0 398.2 219.2 824.1 469.2 503.7 247.2

11 908.1
(-0.5%)

455.0
(0.0%)

397.9
(-0.1%)

219.2
(0.0%)

816.1
(-1.0%)

464.0
(-1.1%)

503.6
(0.0%)

246.2
(-0.4%)

9 889.8
(-2.5%)

452.1
(-0.6%)

397.6
(-0.2%)

218.9
(-0.1%)

788.6
(-4.3%)

463.1
(-1.3%)

503.1
(-0.1%)

246.1
(-0.4%)

7 846.1
(-7.3%)

436.1
(-4.2%)

395.4
(-0.7%)

217.4
(-0.8%)

691.5
(-16.1%)

452.9
(-3.5%)

502.3
(-0.3%)

245.1
(-0.8%)

5 838.2
(-8.2%)

432.2
(-5.0%)

388.5
(-2.4%)

214.7
(-2.1%)

515.8
(-37.4%)

425.6
(-9.3%)

494.3
(-1.9%)

243.9
(-1.3%)

N NP A+

18.4 m

MS #2
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Figure 8  Environment for indoor experiment.
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against the CSI feedback quantization although nine or 
more CSI feedback quantization bits per SB are 
required to achieve the peak throughput of 1 Gb/s. 
Meanwhile, in the uncorrelated antenna scenario, we 
clarified that nine or more quantization bits per SB are 
clearly required to obtain a sufficient throughput gain 
of Rank-4 MU-MIMO. The results also showed that the 
achievable throughput for Rank-2 MU-MIMO and SU-
MIMO is robust against the CSI feedback quantization. 
Furthermore, we confirm that the same tendency 
occurred in an indoor office environment based on a 
real indoor propagation experiment.
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We find that the achievable throughput for 
Rank-2 MU-MIMO and SU-MIMO is robust 
against the CSI feedback quantization.


