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Abstract— Coverage at millimeter-wave (mmW) frequenciesis ~ communication can provide decorrelation among channels,
a constraining bottleneck. Spatial diversity and spatial  with sufficient amount of spacing between the transmit
multiplexing multiple-input multiple-output (MIMO) improve  antennas [4], as compared to conventional MIMO which
]E’reé::rvwg';fea?“gngasmi?nm ”F?Zr d.lo_ca“or_';.%”d tgesle;c"’t‘” be”ef': heavily relies on rich scattering environmeBpatial diversity
spacing. Radio-over-Fiber (RoF) transport 4" ohatia| multiplexing techniques can then be applied to

provides flexibility in deploying a number of widely-spaced . ) . . . :
Remote Antenna Units (RAUS) connected to the same Central Unit achieve MIMO gain, resulting in an improvement in the

(CU). Hence, mmW systems with an integrated analog RoF  Performance.

fronthaul are strong candidatesfor usein future 5G networks. An Channel measurements in a MIMO based system, and the
ngég;‘;oh'zseasue; Cg‘;ﬂgﬁ' Stcioaetfééc'ier?tz'ngé\lgdturzlrl]gg:te'wdl'\gxg subsequent signal processing, can be performedaking
MIMO sysem at 60 GHz Experimental results verify this measurements for |n_d|V|.duaI channel pa#hs). Meqsuremgnts .
approach through real 2x2 experiments. can be taken by activating only one antenna pair at a time in a
proposed MIMO transmission system,dg¢ In [9] we
Keywords—M ultiple I nput Multiple Output MIMO, lineof Sight, demonstrated improvement in the performance of RoF-
SISO, EVM transported 60GHz communications at various user locations,
| INTRODUCTION through emulation of MIMO prpcessing in this way, and then
' examined the performance gain that can be achieved through
Radio over Fibe(RoF) fronthaul provideasimple, flexible  MIMO assuming the channels were independent. In this work,
and low-cost means for interconnecting Remote Antenna Unitgrification has been done in order to prove the validity of the
(RAUs), which are expected to be larger in number in futureémulated approach for the RoF based 60GHz setup. It has been
millimeter wave (mmW) communication systenRoF-based shown here that after both RoF transport and 60GHz
access can provide centralized control for multiple RAUstransmission, the channel measurements were stable. This
Analog RoF transmission is more suitable for supporting higlimplies that such a measurement approach could be extended to
data rate transmission over mmW than its digital counterpagiredicting the performance of mmw MIMO processing with
because it offers low latency, low loss and doesinclude larger numbers of antennas/RAUs where there might be
costy D/A convertors and synchronization mechanigihs hardware limitations during research and development. Results
Within the mmW spectrum, the 60GHz unlicensed band halsave been verified by conducting the measurements with the
attracted much interest in recent research, e.g., for WiGig [2}etup having two 60GHz transmit data strea\8M analysis
The Lineof-Sight (LOS) based operation of 60GHz puts a limitof the MIMO processing versus SISO is presented to show the
on the coverage capabilities of such systems and performanggprovement in the performance by MIMO processimgubh
can degrade significantgsthe mobile user changes location. multiplexing or spatial diversity.
Multiple-Input Multiple-Output (MIMO) has been adopted
in many current standards such as IEEE 802.11ao [Satisfy Il MIMO EMULATION USING INDIVIDUAL ANTENNA
the increase in demand for capacity and reliability in wireless PAIRS

communication systems. Coverage issues where channgle experimental setup considered for the first part of this work
propagation effects limit the performance of Single-INpuig shown witin the dashed linéa Fig. 1 where an OFDM signal
Single-Output (SISO) transmission are common in MMWs15 point IFFT, 1/8 cyclic prefix) with 305MHz bandwid i
communication, ~which suffers from high free-spacegenerated and is converted to an analog waveform at an
transmission lossMIMO techniques can be useful in these |iermediate Frequency IF of 1.5GHz using an Arbitrary
cases to utilize spatial diversity or to multiplex multiple datayaveform Generator AWG (Tektronix 7122C). The OFDM 16-
streams, resulting in an improvement in the performance of th§am signal is modulated onto a DFB laser, and transported
system This makes MIMO processing promising candidate hroygh a 2.2km single-mode fiber (SMF) link to the Remote

to address the issue of coverage for mmW systems. Receffianna Unit (RAU). After detection at the photodiode, the IF
studies have shown that mmwW MIMO operation based on LOS
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Fig.1 Experimental Setup of RoF Transport and 60G&tzsinission for 2x2 MIMO (overall), for individual antea-pair channel measurement (dashed)

signal is upconverted to 61.5GHz, using an integratedig. 2: Geometric orientation of experimental setup

transmitter, and wireless transmission is performed using @eaqured by placing the transmit antenna at position Tx2
20dBi h(_)rn antenna. At the user end, _the signal is received by(ﬁ‘ansmitting Data?) and capturing the data at the two receiver
16.8 dBi slot array antenna before being down-converted by gfcations. MIMO processing is performed offline once the
integrated receiver. The IF signal is amplified by an 18 dB gaifipanne| coefficients are measured individually using this setup,
Wldeban.d amplifier and is captured b){ a Digital OSCIHOSCOpQVhich we refer to as “emulated” MIMO in this paper. To analyze
(Tektronix DPO72304DX) at the sampling rate of 12.5Gb/s fOhe effect of spatial diversity, STBC Alamouti encoded symbols
further processing. were transmitted in the form of Datal and Data2 from the two

ansmit positions. In the case of spatial multiplexing, different
\éata was sent (data rate of 0.5Gb/s) from the two transmit
I|:hositions and was then combined at the receive location for an
gregate data rate of 1Gb/s.

The indoor measurement setup is shown in Fig. 2 where fi
user locations A to E were considered over an overall span
0.8m. The baseline for comparison was the SISO syste
performance when the transmitting antenna was at a fixetd
location in line with the position C. For other receiver positions Il RESULTS
while not making any change to the tilt of the receiver antenna '
the transmit antenna was tilted to ensure LOS transmission is The results from the SISO transmission and emulated STBC
available at each user location. For the measurements, the m8iiMO processingafter wireless transmission over 1m distance
limitation was angular coverage to multiple user locations ancare shown in Fig. 3; this clearly shows that performance has been
the ach_ievable transmission .d.istance was re_strict(_ed to Im aﬂﬂproved through Spatia| diversity for all user locations
1.5m without a V-band amplifier at the receiver side. (Largegompared to the SISO performance, which was above the 12.5%
before downconversionin ordey o perform measurements for &1, £V it for 16:0AM at all user locationsFig. 4 shows
MIMO processing, the transmit power was reduced by 3dB. Th%Imllar results for 1.5m transmission distance.
measurements foridand H; were taken by first placing the “ 7 [RRN0
transmit antenna at locations Tx1 (transmitting Datal) anc EIMIMO 30cm
capturing the data from the receiving antenna at locations Rx 12" IO R0y
and Rx2, respectively as shown in Fig. 2. The separatiol
between the Rx1 and Rx2 locations was kept at 2.5cm during tF

EVM 12.5%

|

10 -

whole experiment. Then thextHand H; coefficients were Ss 1
=
» @ © o © "l
4+ 1
20cm E |
RXASC Rx2 2l |
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o8
’gg Fig. 3. Performance of STBC Alamouti emulated MIM@gessing versus

SISO at different user locations after 1m wirelessstrassion
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Elsiso IV. VERIFICATION OFRESULTS

14 Bl MIMO 20cm
EVeS 12N — g The results discussed in the previous section were verified
i [ ] m by using another set of integraté® GHz transmitters and
1 receivers as shown in the complete block diagram in Fig.1. The
two sets of data generated from the AWG are transported to the
1 RAU through two RoF links. The signals at IF are upconverted
to 60GHz by a pair of integrated transmitters and are transmitted
through a pair of horn antennas. Before wireless transmission,
1 the power was set at the same level for the two transmitting
antennas by adjusting the gain of the RF amplifiers (RFA1 and
RFA1 in Fig. 1) after the RoF link with a set of RF attenuators.
After wireless transmission of the two signals, a pair of receiving
antennas connected to the integrated receivers is used. The
downconverted signals are amplified by a set of amplifiers and
Fig. 4. Performance of STBC Alamouti emulated MIMOgessing versus SISO captured by using two channels of the oscilloscope.
at different User Locations after 1.5m wireless tnaission

A B Cc D E
Receiver Location

The same geometrical orientation was used for the 2x2
The results from Zero Forcing@F) processing are shown in MIMO experiments as explained Bection Il and the results
Fig. 5 and Fig. 6 for 1m and 1.5m wireless transmission distanceere compared with the emulated MIMO approach used in
respectively. The comparison is between 0.5Gb/s SISO areection Il. Fig. 7 shows the comparison of results for these real
multiplexed 1Gb/s MIMO and shows that EVM below the MIMO measurements and the emulated approach for STBC

12.5% limit is still achieved at 1Gb/s (the same overall transmErfgoncserﬁisslg%nac;(i)sr:gn\(lzvelsﬂ\]/vetlrs]eln?Iir? g gi:?g?;gggér;?ignvafslesespt
power is maintained). All of the transmit antenna separations %t 20cm. It can be seen that not only do the results corafirm

20cm, 30cm and 40cm, provide better performance than 0.5GRgificant performance improvement at all user locations as

SISO transmission. compared to SISO, there is also a strong agreement between
[mmsiso | them and the emulated approach. Fig. 8 shows a similar
12 EEIMIMO 20cm |~ comparison for the Zero Forcing receiver used to multiplex two
EVM 12.5% | EZlmimo 30cm| .
12 T Y e p— 0.5Gb/s data signals.
B (] ] B i siso
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Fig. 5. EVM for SISO (0.5Gb/s) and Zero Forcing erredaMIMO reception Fig. 7. 2x2 MIMO measurement results using STBC processireg aft

(1Gb/s) after 1m wireless transmission distance wireless transmission distance compared to the dgnivemulated
Elisiso ' measurements and SISO performance.
14 ; T | IEMIMO 20cm| T
EVM 12.5% [CIMIMO 30cm ‘ 14 Elsiso
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Fig. 8 2x2 MIMO measurement results using Zero Forcing Rxsing after 1m

wireless transmission distance compared to equivatantated MIMO results,
and SISO performance.

Fig. 6. EVM for SISO (0.5Gb/s) and Zero Forcing erredaMIMO reception
(1Gb/s) after 1.5m wireless transmission distance



Another verification has been made for the emulated MIMO V. CONCLUSIONS

measurements by observing the effect of transmit antenna Experiments on 60GHz MIMO after RoF transport have
spacing. An example for the transmission distance of 1.5m iseen presented in this work with two measurement techniques.
presented. Fig. 9 and Fig. 10 shows the effect on the EVM bMIIMO measurements using STBC Alamouti and Zero Forcing
increasing the antenna spacing from 20cm to 30cm for thave been performed to achieve improvement in performance at
emulated MIMO experiment, as well as for the real 2x2multiple user locations. Emulation of MIMO processing through
transmission. Considering overall system performance for alfdividual measurements of channel coefficients has been
user locations, performance after MIMO processing at 30cridopted and verified by performing MIMO with two
separation is better than 20cm separatiooth cases, and transmitting antennas at 60GHz for various transmit antenna

L - separations and hence can be projected to NxN MIMO
verifies the validity of the emulated MIMO measurement - < \rements.

method. Similarly, for Zero Forcing, the best performance was

observed at 30cm separation distance as observed for the ACKNOWLEDGMENT
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Processing with 30cm Tx Antenna Separation

A proof-of-concept for estimatingnmw MIMO using
analog RoF through individual channel measurements has been
shown in this work ané comparison of results verifies the
validity of the approach. Projections can be extended to
measurements for larger system, such as NxN, where real
measurements become increasingly challendficguld also be
extended for OFDM-RoF transported mmW MIMO over longer
distances and wider antennas separation, in the future work.



