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ABSTRACT

One of important applications in 5G mobile communications is the enhanced mobile broadband (eMBB). A promising
approach for achieving 5G eMBB under the limited radio bandwidth and energy is an introduction of a small-cell
structured network. An advanced utilization of multi-input multi-output (MIMO) transmission is also another possible
approach. First, the conceptual structure of distributed MIMO network is introduced. A number of distributed antennas
(DAs) are deployed over a macro-cell area and they are connected to a macro-cell base station (MBS) via optical mobile
fronthaul. Then, we present the recent advances in distributed MIMO cooperative transmission, i.c., space-time block
coded transmit diversity (STBC-TD) for improving the link capacity of a macro-cell edge area, minimum mean square
error multiuser multiplexing combined with singular value decomposition (MMSE-SVD) for increasing the sum capacity,
and blind selective mapping (SLM) for reducing the transmit signal peak-to-average power ratio (PAPR).

Keywords: 5G, distributed MIMO, optical mobile fronthaul, cooperative transmission, space-time block coded transmit
diversity, MMSE multiplexing, singular value decomposition, selected mapping

1. INTRODUCTION

The 1% generation (1G) mobile communications network services started in December 1979 in Japan. Since then, we
witnessed the new generation approximately every 10 years as seen from Fig. 1. The mobile communications networks
have evolved into the 4™ generation (4G) in 2015. Now, almost everyone is connected to the networks and the mobile
communications networks have become an important infrastructure of our modern society. The major communication
service was voice conversation over the mobile phone. After the introduction of digital 2G, the major communications
services have shifted from the voice to data. More and more mobile users started to access the Internet. Since the start of
3G services, video communications have been getting increasingly popular. The mobile data traffic volume in 2020 will
reach about 1,000 times of 2010. Now 3.9G called long-term evolution (LTE) [1] and 4G called LTE-Advanced (LTE-
A) are being rapidly deployed worldwide. LTE-A services started in March 2015 in Japan [2]. Video communications
and data services will become more popular. In 5G, broadband data services of peak data rate of >10Gbps, known as
enhanced mobile broadband (eMBB), are expected. Recently, the development of 5G network is on-going worldwide
aiming at the introduction of 5G in around 2020 [3].

In analog 1G, the coverage expansion was the most important technical issue. However, the important technical issue
after digital 2G is to achieve as higher speed data transmission as possible under the limited available bandwidth and
power (or energy) while suppressing the inter-cell interference (ICI) to a certain degree. Maximizing the area spectrum
efficiency (ASE) in bps/Hz/km? and the energy efficiency (EE) in bits/Joule is required. A key for realizing 5G networks
is an advanced utilization of spatial domain (massive MIMO and distributed antennas). The antenna will become one of
radio resource in addition to frequency, time, and power. In addition to enrich the broadband data services, 5G will
provide new other communications services, e.g., massive machine type communications (mMTC) and ultra-reliable and
low latency communications (URLLC) [4], as seen from Fig. 2. In 5G, the radio resource management which efficiently
assigns the communication time and bandwidth among a huge number of mobile communications devices will become
another important technical issue toward 5G as seen in Fig. 3.

A possible approach for improving the ASE and the EE simultaneously is to adopt a small-cell structured network.
Reducing the base station (BS) coverage area (i.e., small-cell) enables the same frequency to be reused more densely in
the same service area and accordingly, the ASE can be improved. The short range communication lowers the transmit
signal power significantly, thereby the EE can be improved. However, frequent handover may happen, thereby leading to
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the increased control signal traffic which reduce the capacity of data traffic. Besides straightforwardly reducing the cell
size, the large-scale multi-input multi-output (MIMO) can be applied in order to avoid frequent handover.

In this paper, we firstly introduce the conceptual structure of distributed MIMO network, which consists of macro BS
(MBS), a number of distributed antennas (DAs) deployed over a macro-cell area, and optical mobile fronthaul
connecting MBS and DAs. Then, we present the recent advances in distributed MIMO cooperative transmission, i.e.,
space-time block coded transmit diversity (STBC-TD) for improving the link capacity of a macro-cell edge area,
minimum mean square error multiuser multiplexing combined with singular value decomposition (MMSE-SVD) for
increasing the sum capacity, and blind selected mapping (SLM) for reducing the transmit signal peak-to-average power
ratio (PAPR). The PAPR reduction is important, in particular, when higher frequency band, e.g., mm-wave band, is

utilized [5].
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2. CONCEPTUAL STRUCTURE OF DISTRIBUTED MIMO NETWORK
2.1 Co-located MIMO versus distributed MIMO

The large-scale MIMO can effectively form a large number of user-centric small cells. It can be classified into co-located
(or massive) MIMO and distributed MIMO. Co-located MIMO and distributed MIMO are compared in Fig.4. The
former approach is to use a large number of co-located antennas at the MBS [6] while the latter approach is to spatially
deploy a large number of DAs over a macro-cell area [7-10]. In distributed MIMO, short-range link reduces the transmit
power while, in co-located MIMO, a significant antenna-gain increase can offset the propagation path loss [11].
Therefore, to solve the limited bandwidth problem, it is possible to utilize new frequency bands like mm-wave band,
where abundant bandwidth remains unused. The handover is replaced with beam selection in the co-located MIMO
while it is replaced with antenna selection in the distributed MIMO. If the user equipment (UE) moves from one MBS
area into another, then the handover process is initiated. The handover rate remains similar to that experienced in 4G. In
co-located MIMO, a number of narrow beams are formed, each illuminates a different UE. However, the beam width
may become wider due to local scatters surrounding UE of interest and accordingly, may interfere to each other.
Furthermore, some beams may be blocked by buildings located between a MBS and a UE. On the other hand, in
distributed MIMO, some DAs can be selected by taking into account blockage or shadowing. A possible advantage of
using distributed MIMO over co-located MIMO is its capability of alleviating problems arising from the blockage or
shadowing.
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Fig. 4 Co-located MIMO versus distributed MIMO.
2.2 Conceptual structure of distributed MIMO

The conceptual structure of distributed MIMO is illustrated in Fig. 5. All DAs are connected to MBS by optical mobile
fronthaul. Each MBS performs the radio signal processing for signal transmission and reception using cooperative
transmission technique [12]. A predetermined number of distributed antennas near a UE are selected to form a user-
centric small-cell. For a high mobility UE, the MIMO channel between UE antennas and selected DAs may change
during the signal transmission. However, as far as the propagation time difference among DAs are within the cyclic
prefix (CP) length for block transmissions using OFDM and SC with frequency-domain equalization (FDE), this
problem can be replaced with channel estimation problem.
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Fig. 5. Conceptual structure of distributed MIMO.
2.3 Optical mobile fronthaul

The optical mobile fronthaul plays an important role in 5G. The radio over fiber (RoF) technology applicable for optical
mobile fronthaul is summarized in Table 1. Since the nonlinearity of analog RoF link causes a serious problem, digital
RoF is adopted, which transmits digitized baseband 1I/Q signals using the common public radio interface (CPRI) [13].
Using CPRI, the distributed antenna side needs simple RF modulator and amplifier only, but the optical bandwidth
becomes 16 times wider than the radio signal bandwidth if simple optical intensity modulation (IM) is applied. The peak
data rate of 5G will become >10 Gbps and hence, a significant bandwidth reduction is indispensable. Instead of using
binary IM, higher-level digital coherent modulation should be employed [14, 15]. However, even if 1024 quadrature

amplitude modulation (QAM) is used, the bandwidth expansion ratio is still 1.6.

Optical and radio signals are both of an electromagnetic signal type and the difference between two is only the carrier
frequency. An introduction of fully coherent RoF to optical mobile fronthaul may be effective in both reducing the
bandwidth and latency. Fully coherent RoF treats the optical transmission and radio transmission similarly by removing
analog-digital converter (ADC) and digital-analog converter (DAC) [16-18] as shown in Fig. 6. This is the real radio-
optical convergence. For implementing the distributed MIMO cooperative transmission, optical mobile fronthaul should
have a low latency property. The wavelength division multiplexing (WDM) may be much promising instead of time
division multiplexing (TDM). Combining fully coherent RoF and WDM can realizes the bandwidth efficient and low
latency optical mobile fronthaul. Since the concatenation of RoF link and radio link can be treated as an equivalent radio

link, all of radio signal processing including modulation/demodulation, equalization, etc, can be done at MBS.

Table 1. RoF technology for mobile fronthaul.

RoF type Waveform type Remarks
Analog RoF Real-valued analog RF | O Intensity modulation
waveform O Nonlinear optical distortion
Digital RoF Digitized real-valued I | O A/D, D/A of I and Q waveforms
B Noncoherent and Q waveforms O Noncoherent/coherent modulation
B Coherent O Bandwidth expansion (x16/log,M)
Fully coherent RoF Complex-valued analog | O Removal of A/D and D/A
1+jQ waveform converters and direct up/down
conversion between optical and
radio frequencies
O Equalization in baseband
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3. DISTRIBUTED MIMO COOPERATIVE TRANSMISSION

The signal bandwidth in 5G will be wider than 100MHz. The radio channel experiences a strong frequency-selectivity
and therefore, some powerful equalization technique such as frequency-domain equalization (FDE) needs to be jointly
used with cooperative transmission. The use of time division duplex (TDD) allows equalization processing for both
uplink (UE->MBS) and downlink (MBS—>UE) transmissions at an MBS as shown in Fig. 7. This greatly simplifies the
radio signal processing at UE. A simplified transmitter/receiver structure of distributed MIMO cooperative uplink
transmission is illustrated in Fig. 8. Similar to LTE-Advanced, we assume OFDM for downlink transmission and SC for
uplink transmission.

For improving the link capacity of a macro-cell edge UE, space-time coded transmit diversity (STBC-TD) is applied.
The simple Alamouti code [19] is used. By combining maximal ratio transmit diversity (MRT)-FDE and MMSE-FDE
with STBC-TD for downlink transmission an uplink reception, respectively, an arbitrary number of distributed antennas
can be used to obtain a large diversity gain [20] although the number of UE antennas is limited to 6. For increasing the
sum capacity, MMSE-SVD is applied. The inter-user interference (IUI) is suppressed by multi-user MMSE-FDE
assuming eigenmode downlink reception/uplink transmission at UE. The inter-antenna interference (IAI) is suppressed
by eigenmode reception/transmission using singular value decomposition (SVD) [21]. Multi-user MMSE-SVD provides
lower outage probability than single-user STBC-TD in a high link capacity region. However, in a low link capacity
region (i.e., UEs near the macro-cell edge), the outage probability is higher with multi-user MMSE-SVD than with
single-user STBC-TD.

When the cooperative transmission is used, the transmit signal PAPR increases. Some PAPR reduction technique is
necessary if high SHF or mm-wave band is used. To reduce the transmit signal PAPR, blind SLM is applied. SLM
multiplies an appropriate phase rotation sequence to the transmit signal in the frequency-domain or in the time-domain to
minimize the PAPR [22]. Both the transmitting and receiving sides share the same sequence book. The conventional
SLM informs the side information (phase-rotation sequence index) to the receiving side to recover the original signal.
Since the side information transmission needs to be error-free, it is typically coded with low-rate forward error correction
(FEC), consequently reduces the spectrum efficiency. The received signal constellation is significantly distorted if the
receiving side applies an incorrect phase rotation sequence. Blind SLM exploits this fact and estimates the phase rotation
sequence based on MMSE criterion without the help of side information.

For distributed MIMO cooperative transmission, multiple DAs near a UE must be selected first and then, the channel
state information (CSI) of MIMO channel between selected DAs and UE antennas must be estimated. The subframe
structure supporting the selection of DAs and the MIMO channel estimation is illustrated in Fig. 9. The subframe
consists of the uplink pilot time slot (UpPTS) and the downlink pilot time slot (DWPTS) followed by 12 data time slots
(DTSs). The transmission efficiency is kept the same as 3GPP Rel.10 subframe structure [23]. Each TS length is equal to
one OFDM symbol plus cyclic prefix (CP) length. First, the scheduled UE transmits the orthogonal frequency-
multiplexed uplink pilot from UE antennas. MBS performs the channel estimation to select multiple DAs. Then, MBS
transmits the orthogonal frequency-multiplexed downlink pilot from the selected DAs for MIMO channel estimation at
UE. In this way, exploiting the channel reciprocity because of TDD, the CSI of MIMO channel can be shared by MBS
and UEs without feedback [24].
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4. COMPUTER SIMULATION

The uplink link capacity was examined by computer simulation. It is assumed that the MBS area of interest is surrounded
by 6 adjacent MBS areas. 19 DAs are deployed regularly or randomly in each MBS area, while 2 UEs, each equipped
with 2 antennas, are randomly located. 4 DAs are selected for distributed MIMO cooperative transmission. The system
band consisting of 1024 subcarriers is considered. Assuming the subcarrier separation of 75 kHz and the CP of 1.67us
(equivalent to a maximum path length difference of 500m), the system bandwidth and the subframe length become
76.8MHz and 0.209ms, respectively. A frequency-selective fading channel having 16-path uniform power delay profile
(PDP) is assumed as well as a log-normally distributed shadowing loss with standard deviation of 7 dB and a path loss
with path loss exponent of 3.5. The channel is assumed to be a quasi-static Nakagami-Rice fading channel with K factor
of 10dB when the distance between DA and UE is shorter than 1/19'?2 times the radius of the macro-cell area, otherwise
quasi-static Rayleigh fading is assumed.
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The spatial and cumulative distributions of the uplink throughput obtained by computer simulation are illustrated in Fig.
10 and Fig. 11, respectively. It can be clearly seen that the distributed MIMO provides high throughput over nearly entire
MBS area, while the co-located MIMO provides high throughput only near the MBS. It is also seen that the single-user
STBC-TD can provide higher throughput than multi-user MMSE-SVD near the macro-cell edge, where the uplink signal
received at MBS is weak and is thus strongly affected by the ICI from UEs in surrounding MBS areas.

Figure 12 plots how blind SLM reduces the PAPR of SC uplink signal when the number of subcarriers is 128. It can be
obviously seen from Fig. 12 that PAPR reduces when the number of phase rotation sequences increases. Figure 13 plots
the achievable uncoded BER performances of SC uplink using STBC-TD and MMSE-SVD in a quasi-static Rayleigh
fading and assuming the subframe structure shown in Fig. 9 (note that the transmit and receive FDE weights are
generated based on the CSI obtained from UpPTS and DwPTS, respectively). The propagation path-loss and shadowing-
loss are neglected for simplicity. Without blind SLM, it is seen from Fig. 13(a) that both STBC-TD and MMSE-SVD
achieve the same BER as those with ideal CSI. STBC-TD achieves better BER than MMSE-SVD because of larger
diversity gain. In Fig. 13(b), the blind SLM achieves the BER performance almost identical to the case of transmission

without blind SLM.
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5. CONCLUSION

In this paper, after overviewing the wireless evolution of mobile communications technology over the past 35 years, we
discussed about the technical issues toward 5G. Then, the recent advances in distributed MIMO was presented. Higher
deployment cost is expected in distributed MIMO since spatially deployed distributed antennas need to be connected by
optical mobile fronthaul. A hybrid MIMO (between co-located MIMO and distributed MIMO) may be a practical
solution to balance the transmission performance and system deployment cost.
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