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is needed. In this paper, a K-band radar for observing rainfall
Fig. 1 shows manufactured antennas and the separation wall.

vertically is introduced, and measurement results of rainfall are
shown and discussed. For better performance of the atmospheric
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at a high
altitude. Because it
observes weather phenomena in the area, it is mainly used for
weather forecasting. However,
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I. I NTRODUCTION
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Also,
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are required for downlink beamforming, and result in heavy
system
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In this paper,
K-band rain radar which has low transmitted
power and high resolutions of the range and the velocity is
One way to reduce this feedback burden and circumvent
introduced. The frequency modulated continuous wave
accurate channel estimation in MU-MISO downlink is to
(FMCW) technique is used to achieve high sensitivity and
exploit multiuser (MU) diversity with partial CSI feedback
reduce the cost of the system. In addition, meteorological
from each user [5]–[9]. Recently, Lee et al. showed that
results are discussed. Reflectivity, a fall speed of raindrops
significant MU diversity gains can be obtained in sparse
and Doppler spectrum measured when it rained are described,
mmWave channels even in large-scale MIMO systems [10],
and characteristics of the melting layer are analyzed as well.
[11]. When the channel vector between the BS and each
user is modeled as the uniform-random multi-path (UR-MP)
OF K-BAND
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SYSTEMmmWave
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channels, random beamforming (RBF) can achieve linear sumA. rate
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This result is
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are M
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Also,
contrary to the existing result that linear sum-rate scaling w.r.t.
M can be achieved only if the number K of users increases
exponentially w.r.t. M under the i.i.d. Rayleigh fading channel
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However, the previous result on the MU diversity gain in
frequency synthesizers. In the Tx baseband module, a field
mmWave MU-MISO downlink systems is limited to the case
programmable gate array (FPGA) controls a direct digital
in which each user has a single receive antenna [10], [11]. In
synthesizer (DDS) to generate an FMCW signal which
mmWave systems, multiple antennas are likely to be equipped
decreases with time (down-chirp) and has a center frequency
at each user too due to the fact that the shorter wavelength
of 670 MHz. The sweep bandwidth is 50 MHz which gives the
at the mmWave frequency band can enable more antennas to
high range resolution of 3 m. Considering the cost, 2.4 GHz
be packed in a smaller form. Thus, receive beamforming from
signal used as a reference clock input of the DDS is split and
the multiple receive antennas at each user in addition to the
used for a local oscillator (LO). the FMCW signal is
transmit beamforming at the base station can be adopted to
transmitted toward raindrops with the power of only 100 mW.
compensate for the large path loss and suppress the inter-user
Beat frequency which has data of the range and the radial
interference. In this paper, we extend the result in [10], [11]
velocity of raindrops is carried by 60 MHz and applied to the
and analyze the performance of RBF in the mmWave MUinput of the Rx baseband module. In the Rx baseband module,
MIMO downlink system where the base station uses random
quadrature demodulation is performed by a digital down
transmit beamforming based on the transmit antenna array and
converter (DDC). Thus, detectable range can be doubled than
each user has multiple received antennas and employs receive
usual. Two Dimensional-Fast Fourier Transform (2D-FFT) is
beamforming based on the multiple antennas.
performed by two FPGAs. Because the 2D FFT is performed
with 1024 beat signals, the radar can have high resolution of
the radial
of raindrops are transferred to
II. velocity.
S YSTEMFinally,
M ODELdata
AND P ERFORMANCE A NALYSIS
a PC with local LAN via the an UDP protocol. TABLE I.
shows We
mainconsider
specification
of the system.
a MU-MIMO
downlink system where the BS
with M transmit antennas is synchronized with K(≥ M ) users
with N receive antennas each. We assume that the antenna
configuration of the BS and each user k is the uniform linear
array (ULA), and the channel matrix between the BS and user
k is given by
r
L
MN X
r
t
Hk =
αk,i aR (θk,i
)aT (θk,i
)H .
(1)
L i=1
Here, L is the number of multiple paths, the i-th path gain of
user k is modeled as independent and identically distributed
i.i.d.
(i.i.d.) complex Gaussian, i.e., αk,i ∼ CN (0, 1), the normalized angle-of-arrival (AoA) and angle-of-departure (AoD) of
Fig.
1. iManufactured
antenna
and separation
wall. to the uniform distripath
of user k are
generated
according
r
t i.i.d.
bution on the interval [−1, 1), i.e., θk,i
, θk,i
∼ Unif[−1, 1],
respectively, and the array steering vectors are given by
1
aR (θ) = √ [1, e−ιπθ , · · · , e−ιπ(N −1)θ ]T
N
√
1
aT (θ) = √ [1, e−ιπθ , · · · , e−ιπ(M−1)θ ]T , ι = −1
M

Basestation

bk back to the BS, and stores its receive beamforming
vector vk .
S.3 After the feedback from each user is over, the BS chooses
the user that has the maximum SINR value among the
users feeding its beam index as b for each transmit beam
b and transmits data streams to the chosen users with
the transmit beam vectors {ub }. At each selected user
k, it receives a data stream by using its stored receive
beamforming vector vk .

user k

αk,2
r
θk,2
r
θk,1

αk,1
t
θk,2

r
θk,3

t
θk,1

t
θk,3

Note that in the proposed scheme, N RF chains are
assumed to be available so that the optimal receive beamformer
can be obtained from Hk ub . Note also that the information
about optimal receive beamformer need not be fed back to the
base station. In the considered RBF scheme for the mmWave
MU-MIMO downlink system, the expected sum rate is given
by

αk,3

Fig. 1.

The considered channel model when L = 3.

where the normalized AoA (AoD) θ ∈ [−1, 1] is related to the
physical AoA (AoD) φ ∈ [−π/2, π/2] as [12]
2d sin(φ)
θ=
(2)
λ
and d and λ are the distance between two adjacent antenna
elements and the carrier wavelength, respectively, with the
critical spatial sampling of d/λ = 1/2 assumed in this paper.
The considered channel model is illustrated in Fig. 1.
In this paper, we extend and modify RBF used in MUMISO to the MU-MIMO case, where each user has multiple
antennas and uses receive beamforming, as follows.

Rsum =

M
X
b=1

Rκb =

M
X

E [log (1 + SINRb (vκb ))]

(7)

b=1

where κb = arg max{k:b=bk } SINRb (vk ).
To model the large-scale antenna array at the BS for
high-gain beamforming at the mmWave band, we consider
the asymptotic scenario in which the number M of transmit
antennas at the BS tends to infinity with L and N as functions
of M . The following theorem shows the impact of receive
beamforming on RBF under this asymptotic scenario.

S.1 The BS generates a set of orthogonal beam vectors and
transmits each element of the set sequentially during
the training period. We assume each beam vector wb is
designed as


2(b − 1)
ub = aT (ϑb ) = aT ϑ +
,
(3)
M

Theorem 1: Under the considered sparse mmWave MUMIMO channel model (1), if the following conditions are
satisfied:

for b = 1, · · · , M , where ϑ ∼ Unif[−1, 1] or equivalently
2
ϑ ∼ Unif[−1, −1 + M
] is a random offset value.
S.2 After the training is over, based on {Hk ub }M
b=1 each user
k computes

(C.3) K = M ecL , for some c > 3,

{vk , bk } = arg max SINRb (v),

(4)

v,b

where SINRb (v) is the signal-to-interference-plus-noise
ratio (SINR) value with a unit-norm receive beamforming
vector v for transmit beam b, i.e.,
SINRb (v) =

ρ|vH Hk ub |2
P
.
1 + ρ b′ 6=b |vH Hk ub′ |2

(5)

Here, we assume that the total transmit power Pt is
t
equally allocated to each data stream, i.e., ρ = P
M . Then,
the optimal solution vk is given by [13]
−1

X
H
 Hk ubk , (6)
vk = η ρ
Hk ubk uH
b Hk + I

(C.1) L tends to infinity as M → ∞,
(C.2)

L
M

≤ 1,

then an asymptotic lower bound on Rκb for Pt =
by
Rκb & rLB > 0,

1
N

is given
(8)

where x & y indicates limM→∞ x/y ≥ 1 and rLB is a positive
constant value.
Proof: ∗ Let A be the event Ā defined in Appendix D in
[11]. Then, the asymptotic probability of the event A is given
by [11]
Pr{A} → 1, as M → ∞.

(9)

From the fact that E[f (X)] ≥ p(A)E[f (X|A)] for a nonnegative function f (X), Rκb is lower bounded by
h
i
Rκb ≥ Pr{A}E log (1 + SINRb (vκb )) A .
(10)

k

b′ 6=bk

where η is the power scaling factor to satisfy kvk k =
1. Each user k feeds the maximum SINR value, i.e.,
SINRbk (vk ) and its corresponding transmit beam index
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∗ The overall procedure of this proof is similar to the proof of Theorem
3 in [11] but additional bounding techniques for SINR with the receive
beamforming and beam gains are newly applied to this proof. Hence, in this
proof, we borrowed the overall steps of the proof of Theorem 3 in [11].

Furthermore, the second term in the right-hand side (RHS) of
(10) is bounded as
h
i
E log (1 + SINRb (vκb )) A
h
i
(a)
≥ E log (1 + SINRb (vk )) A
h
(b)
 i
r
≥ E log 1 + SINRb (aR (θk,1
)) A ,
(11)
where (a) follows from the fact that the rate of user k for
beam b is not larger than that of the optimal user κb for
beam b, and (b) is due to SINRb (vk ) = maxv SINRb (v) ≥
r
SINRb (aR (θk,1
)). Since Pr{A} → 1 as M → ∞, it is now
left to show
 
 
X
E log 1 +
A & rLB as M → ∞,
(12)
1+Y
where
L
1 X
r
r
t
X=
αk,i GR (θk,1
, θk,i
)GT (θk,i
, ϑb )
L i=1

2

(13)

different levels of sparsity L in mmWave MU-MIMO channels.
Since the conditions (C.1), (C.2) and (C.3) are the same as
those required for Theorem 3 of [11], the sufficient number
of users required for linear sum rate scaling w.r.t. M for the
MU-MIMO case is the same as that required for the MU-MISO
case,† but the required transmit power is reduced by factor N ,
i.e., the number of receive antennas.
III.

In this paper, we have considered mmWave MU-MIMO
downlink where both the base station and users have multiple
antennas. We have extended the conventional RBF scheme
considered in the MU-MISO case to the MU-MIMO case with
optimal receive beamforming at each user and have analyzed
the performance of the extended RBF scheme. We have shown
that the MU-MIMO RBF scheme with the total transmit power
inversely proportional to the number N of receive antennas has
the same performance as the conventional MU-MISO RBF
scheme with constant total transmit power, and employing
receive beamforming is beneficial to reduce the total transmit
power at the base station in mmWave MIMO systems.
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b 6=b

and GR (θ1 , θ2 ) = aH
=
R (θ1 )aR (θ2 ) and GT (θ1 , θ2 )
aH
T (θ1 )aT (θ2 ). From the fact that GR (θ1 , θ2 ) ≤ 1 and the
equality holds when θ1 = θ2 , we directly find an asymptotic
lower bound on X as
4
X& 2
(15)
π
by using the same techniques used in (56)-(58) in [11]. Also,
we can compute an asymptotic upper bound on E[Y |A] as
4π 2
(16)
3
using the same techniques used in (60)-(62) in [11], where
x . y indicates limM→∞ x/y ≤ 1. Therefore, we have
 
  (a)  
 
X
4/π 2
E log 1 +
A & E log 1 +
A
1+Y
1+Y


(b)
4/π 2
> log 1 +
1 + E[Y |A]


(c)
4/π 2
=: rLB
& log 1 +
1 + 4π 2 /3
(17)
E[Y |A] .

where (a) follows from (15), (b) is by the convexity of the
1
function f (x) = log(1 + 1+x
) and Jensen’s inequality, and (c)
is due to (16). This concludes the proof.
Theorem 1 states that under the considered sparse mmWave
MU-MIMO channel model for multiple-antenna receivers, the
performance of the considered RBF scheme with receive
beamforming and the total transmit power Pt = N1 has the
same behavior as that of RBF with Pt = 1 in the MU-MISO
system under the UR-MP channel model [11]. Theorem 1 also
specifies the sufficient number K of users to achieve linear
sum rate scaling by the considered RBF scheme w.r.t. M for
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