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Abstract—To overcome blind spots of an ordinary weather 
radar which scans horizontally at a high altitude, a weather 
radar which operates vertically, so called an atmospheric profiler, 
is needed. In this paper, a K-band radar for observing rainfall 
vertically is introduced, and measurement results of rainfall are 
shown and discussed. For better performance of the atmospheric 
profiler, the radar which has high resolution even with low 
transmitted power is designed. With this radar, a melting layer is 
detected and some results that show characteristics of the meting 
layer are measured well. 

Keywords—K-band; FMCW; rain radar; low transmitted 
power; high resolution; rainfall; melting layer 

I.  INTRODUCTION 
A weather radar usually measures meteorological 

conditions of over a wide area at a high altitude. Because it 
observes weather phenomena in the area, it is mainly used for 
weather forecasting. However, blind spots exist because an 
ordinary weather radar scans horizontally, which results in 
difficulties in obtaining information on rainfall at higher and 
lower altitudes than the specific altitude. Therefore, a weather 
radar that covers the blind spots is required. 

A weather radar that scans vertically could solve the 
problem. This kind of weather radar, so called an atmospheric 
profiler, points towards the sky and observes meteorological 
conditions according to the height [1]. Also, because the 
atmospheric profiler usually operates continuously at a fixed 
position, it could catch the sudden change of weather in the 
specific area. 

In this paper, K-band rain radar which has low transmitted 
power and high resolutions of the range and the velocity is 
introduced. The frequency modulated continuous wave 
(FMCW) technique is used to achieve high sensitivity and 
reduce the cost of the system. In addition, meteorological 
results are discussed. Reflectivity, a fall speed of raindrops 
and Doppler spectrum measured when it rained are described, 
and characteristics of the melting layer are analyzed as well. 

II. DEVELOPMENT  OF K-BAND RAIN RADAR SYSTEM 

A. Antenna 
To suppress side-lobe levels and increase an antenna gain, 

offset dual reflector antennas are used [2]. Also, separation 

wall exists between the transmitter (Tx) and receiver (Rx) 
antennas to improve isolation between them. With these 
methods, leakage power between Tx and Rx could be reduced. 
Fig. 1 shows manufactured antennas and the separation wall.  

B. Design of Tranceiver 
Fig. 2 shows a block diagram of the K-band rain radar. 

Reference signals for all PLLs in the system and clock signals 
for every digital chip in baseband are generated by four 
frequency synthesizers. In the Tx baseband module, a field 
programmable gate array (FPGA) controls a direct digital 
synthesizer (DDS) to generate an FMCW signal which 
decreases with time (down-chirp) and has a center frequency 
of 670 MHz. The sweep bandwidth is 50 MHz which gives the 
high range resolution of 3 m. Considering the cost, 2.4 GHz 
signal used as a reference clock input of the DDS is split and 
used for a local oscillator (LO). the FMCW signal is 
transmitted toward raindrops with the power of only 100 mW. 
Beat frequency which has data of the range and the radial 
velocity of raindrops is carried by 60 MHz and applied to the 
input of the Rx baseband module. In the Rx baseband module, 
quadrature demodulation is performed by a digital down 
converter (DDC). Thus, detectable range can be doubled than 
usual. Two Dimensional-Fast Fourier Transform (2D-FFT) is 
performed by two FPGAs. Because the 2D FFT is performed 
with 1024 beat signals, the radar can have high resolution of 
the radial velocity.  Finally, data of raindrops are transferred to 
a PC with local LAN via the an UDP protocol. TABLE I. 
shows main specification of the system. 

 Fig. 1. Manufactured antenna and separation wall. 
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Abstract—The performance of transmit random beamforming
(RBF) with receive beamforming at each user is investigated for
millimeter wave (mmWave) multiuser multiple-input multiple-
output (MU-MIMO) downlink systems. It is shown that RBF
in MU-MIMO systems with the total transmit power inversely
proportional to the number of receive antennas can achieve the
performance of the conventional RBF scheme with the constant
total transmit power in MU multiple-input single-output (MISO)
systems with no receive beamforming, when the number of
transmit antennas is large.
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I. I NTRODUCTION

The use of mmWave bands is considered as a key tech-
nology for the fifth generation (5G) communication systems
due to the large bandwidth available at the mmWave frequency
band. MmWave signals experience severe path loss and have
sparse scattering conditions as compared to signals at the con-
ventional lower cellular frequency bands [1]. To obtain higher
data rates in mmWave systems, directional beamforming using
large-scale MIMO is crucial to overcome the large path loss in
sparse mmWave channels [2]–[4]. However, accurate channel
estimation and large channel state information (CSI) feedback
are required for downlink beamforming, and result in heavy
system overhead.

One way to reduce this feedback burden and circumvent
accurate channel estimation in MU-MISO downlink is to
exploit multiuser (MU) diversity with partial CSI feedback
from each user [5]–[9]. Recently, Leeet al. showed that
significant MU diversity gains can be obtained in sparse
mmWave channels even in large-scale MIMO systems [10],
[11]. When the channel vector between the BS and each
user is modeled as the uniform-random multi-path (UR-MP)
channel model that captures the property of sparse mmWave
channels, random beamforming (RBF) can achieve linear sum-
rate scaling with respect to (w.r.t.) the numberM of transmit
antennas under the MISO situation if the numberK of users in
the cell linearly increases w.r.t.M asM → ∞. This result is
contrary to the existing result that linear sum-rate scaling w.r.t.
M can be achieved only if the numberK of users increases
exponentially w.r.t. M under the i.i.d. Rayleigh fading channel
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the National Research Foundation of Korea (NRF) funded by the Ministry of
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model capturing rich-scattering environments [5], and sheds
a positive prospect on harnessing the MU diversity gain with
partial CSI in sparse mmWave large-scale MIMO channels.

However, the previous result on the MU diversity gain in
mmWave MU-MISO downlink systems is limited to the case
in which each user has a single receive antenna [10], [11]. In
mmWave systems, multiple antennas are likely to be equipped
at each user too due to the fact that the shorter wavelength
at the mmWave frequency band can enable more antennas to
be packed in a smaller form. Thus, receive beamforming from
the multiple receive antennas at each user in addition to the
transmit beamforming at the base station can be adopted to
compensate for the large path loss and suppress the inter-user
interference. In this paper, we extend the result in [10], [11]
and analyze the performance of RBF in the mmWave MU-
MIMO downlink system where the base station uses random
transmit beamforming based on the transmit antenna array and
each user has multiple received antennas and employs receive
beamforming based on the multiple antennas.

II. SYSTEM MODEL AND PERFORMANCEANALYSIS

We consider a MU-MIMO downlink system where the BS
with M transmit antennas is synchronized withK(≥ M) users
with N receive antennas each. We assume that the antenna
configuration of the BS and each userk is the uniform linear
array (ULA), and the channel matrix between the BS and user
k is given by

Hk =

√
MN

L

L∑
i=1

αk,iaR(θ
r
k,i)aT (θ

t
k,i)

H . (1)

Here,L is the number of multiple paths, thei-th path gain of
userk is modeled as independent and identically distributed
(i.i.d.) complex Gaussian, i.e.,αk,i

i.i.d.
∼ CN (0, 1), the normal-

ized angle-of-arrival (AoA) and angle-of-departure (AoD) of
pathi of userk are generated according to the uniform distri-
bution on the interval[−1, 1), i.e., θrk,i, θ

t
k,i

i.i.d.
∼ Unif[−1, 1],

respectively, and the array steering vectors are given by

aR(θ) =
1

√
N

[1, e−ιπθ, · · · , e−ιπ(N−1)θ]T

aT (θ) =
1

√
M

[1, e−ιπθ, · · · , e−ιπ(M−1)θ]T , ι =
√
−1
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Fig. 1. The considered channel model whenL = 3.

where the normalized AoA (AoD)θ ∈ [−1, 1] is related to the
physical AoA (AoD)φ ∈ [−π/2, π/2] as [12]

θ =
2d sin(φ)

λ
(2)

and d and λ are the distance between two adjacent antenna
elements and the carrier wavelength, respectively, with the
critical spatial sampling ofd/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 MU-
MISO to the MU-MIMO case, where each user has multiple
antennas and uses receive beamforming, as follows.

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 vectorwb is
designed as

ub = aT (ϑb) = aT

(
ϑ+

2(b− 1)

M

)
, (3)

for b = 1, · · · ,M , whereϑ ∼ Unif[−1, 1] or equivalently
ϑ ∼ Unif[−1,−1 + 2

M
] is a random offset value.

S.2 After the training is over, based on{Hkub}
M
b=1 each user

k computes

{vk, bk} = argmax
v,b

SINRb(v), (4)

whereSINRb(v) is the signal-to-interference-plus-noise
ratio (SINR) value with a unit-norm receive beamforming
vectorv for transmit beamb, i.e.,

SINRb(v) =
ρ|vH

Hkub|
2

1 + ρ
∑

b′ 6=b |v
HHkub′ |2

. (5)

Here, we assume that the total transmit powerPt is
equally allocated to each data stream, i.e.,ρ = Pt

M
. Then,

the optimal solutionvk is given by [13]

vk = η


ρ

∑
b′ 6=bk

Hkubku
H
bk
H

H
k + I




−1

Hkubk , (6)

where η is the power scaling factor to satisfy‖vk‖ =
1. Each userk feeds the maximum SINR value, i.e.,
SINRbk(vk) and its corresponding transmit beam index

bk back to the BS, and stores its receive beamforming
vectorvk.

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 asb 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 vectorvk.

Note that in the proposed scheme,N RF chains are
assumed to be available so that the optimal receive beamformer
can be obtained fromHkub. 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

Rsum =

M∑
b=1

Rκb
=

M∑
b=1

E [log (1 + SINRb(vκb
))] (7)

whereκb = argmax{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 numberM of transmit
antennas at the BS tends to infinity withL andN as functions
of M . The following theorem shows the impact of receive
beamforming on RBF under this asymptotic scenario.

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

(C.1) L tends to infinity asM → ∞,

(C.2) L
M

≤ 1,

(C.3) K = MecL, for somec > 3,

then an asymptotic lower bound onRκb
for Pt =

1
N

is given
by

Rκb
& rLB > 0, (8)

wherex & y indicateslimM→∞ x/y ≥ 1 andrLB is a positive
constant value.

Proof: ∗ Let A be the eventĀ defined in Appendix D in
[11]. Then, the asymptotic probability of the eventA is given
by [11]

Pr{A} → 1, asM → ∞. (9)

From the fact thatE[f(X)] ≥ p(A)E[f(X |A)] for a non-
negative functionf(X), Rκb

is lower bounded by

Rκb
≥ Pr{A}E

[
log (1 + SINRb(vκb

))
∣∣∣A] . (10)

∗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].
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Furthermore, the second term in the right-hand side (RHS) of
(10) is bounded as

E

[
log (1 + SINRb(vκb

))
∣∣∣A]

(a)

≥ E

[
log (1 + SINRb(vk))

∣∣∣A]
(b)

≥ E

[
log

(
1 + SINRb(aR(θ

r
k,1))

) ∣∣∣A] , (11)

where (a) follows from the fact that the rate of userk for
beam b is not larger than that of the optimal userκb for
beamb, and (b) is due toSINRb(vk) = maxv SINRb(v) ≥
SINRb(aR(θ

r
k,1)). SincePr{A} → 1 asM → ∞, it is now

left to show

E

[
log

(
1 +

X

1 + Y

) ∣∣∣∣A
]
& rLB asM → ∞, (12)

where

X =
1

L

∣∣∣∣∣
L∑

i=1

αk,iGR(θ
r
k,1, θ

r
k,i)GT (θ

t
k,i, ϑb)

∣∣∣∣∣
2

(13)

and

Y =
1

L

∑
b′ 6=b

∣∣∣∣∣
L∑

i=1

αk,iGR(θ
r
k,1, θ

r
k,i)GT (θ

t
k,i, ϑb′)

∣∣∣∣∣
2

, (14)

and GR(θ1, θ2) = a
H
R (θ1)aR(θ2) and GT (θ1, θ2) =

a
H
T (θ1)aT (θ2). From the fact thatGR(θ1, θ2) ≤ 1 and the

equality holds whenθ1 = θ2, we directly find an asymptotic
lower bound onX as

X &
4

π2
(15)

by using the same techniques used in (56)-(58) in [11]. Also,
we can compute an asymptotic upper bound onE[Y |A] as

E[Y |A] .
4π2

3
(16)

using the same techniques used in (60)-(62) in [11], where
x . y indicateslimM→∞ x/y ≤ 1. Therefore, we have

E

[
log

(
1 +

X

1 + Y

)∣∣∣∣A
]

(a)

& E

[
log

(
1 +

4/π2

1 + Y

) ∣∣∣∣A
]

(b)
> log

(
1 +

4/π2

1 + E[Y |A]

)
(c)

& log

(
1 +

4/π2

1 + 4π2/3

)
=: rLB

(17)

where (a) follows from (15), (b) is by the convexity of the
functionf(x) = log(1+ 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 powerPt = 1

N
has the

same behavior as that of RBF withPt = 1 in the MU-MISO
system under the UR-MP channel model [11]. Theorem 1 also
specifies the sufficient numberK of users to achieve linear
sum rate scaling by the considered RBF scheme w.r.t.M for

different levels of sparsityL 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 factorN ,
i.e., the number of receive antennas.

III. C ONCLUSIONS

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 numberN 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.

REFERENCES

[1] S. Sun, T. S. Rappaport, R. Heath, A. Nix, and S. Rangan, “MIMO
for millimeter-wave wireless communications: Beamforming, spatial
multiplexing, or both?,”IEEE Commun. Mag., vol. 52, pp. 110–121,
Dec. 2014.

[2] O. E. Ayach, S. Rajagopal, S. Abu-Surra, P. Zhouyue, and R. W. Heath,
“Spatially sparse precoding in millimeter wave MIMO systems,”IEEE
Trans. Wirelee Commun., vol. 13, pp. 1499 – 1513, Mar. 2014.

[3] A. Alkhateeb, O. E. Ayach, G. Leus, and R. Heath , “Channel estimation
and hybrid precoding for millimeter wave cellular systems,”IEEE J. Sel.
Topics Signal Process., vol. 8, pp. 831 – 846, Oct. 2014.

[4] A. Alkhateeb and G. Leus and R. Heath , “Limited feedback hybrid pre-
coding for multi-user millimeter wave systems,”IEEE Trans. Wireless
Commun., vol. 14, pp. 6481–6494, Nov. 2015.

[5] M. Sharif and B. Hassibi, “On the capacity of MIMO broadcast channels
with partial side information,”IEEE Trans. Inf. Theory, vol. 51, pp. 506–
522, Feb. 2005.

[6] M. Kountouris, D. Gesbert, and T. Salzer, “Enhanced multiuser random
beamforming: Dealing with the not so large number of users case,”
IEEE J. Sel. Areas Commun., vol. 26, pp. 1536–1545, Oct. 2008.

[7] G. Lee, and Y. Sung, “A new approach to user scheduling in massive
multi-user MIMO broadcast channels,”submitted to IEEE Trans. Inf.
Theory., Mar. 2014. Available at http://arxiv.org/pdf/1403.6931.pdf.

[8] J. Nam, A. Adhikary, J. Ahn, and G. Caire, “Joint spatial division and
multiplexing: Opportunistic beamforming, user grouping and simplified
downlink scheduling,” IEEE J. Sel. Topics Signal Process., vol. 8,
pp. 876–890, Oct. 2014.

[9] T. Al-Naffouri, M. Sharif, and B. Hassibi, “How much does transmit
correlation affect the sum-rate scaling of MIMO Gaussian broadcast
channels?,”IEEE Trans. Commun., vol. 57, pp. 562 – 572, Feb. 2009.

[10] G. Lee, Y. Sung, and J. Seo, “Randomly-directional beamforming in
millimeter-wave multi-user MISO downlink,”IEEE Trans. Wireless
Commun., vol. 15, pp. 1086–1100, Feb. 2016.

[11] G. Lee, Y. Sung, and M. Kountouris, “On the performance of random
beamforming in sparse millimeter wave channels,”IEEE J. Sel. Topics
Signal Process, vol. 10, pp. 1–16, Apr. 2016.

[12] A. M. Sayeed, “Deconstructing multiantenna fading channels,”IEEE
Trans. Signal Process., vol. 50, pp. 2563 – 2579, Oct. 2002.

[13] J. So, D. Kim, Y. Lee and Y. Sung, “Pilot signal design for massive
MIMO systems: A received signal-to-noise-ratio-based approach,”IEEE
Signal Processing Lett., vol. 22, pp. 549 – 553, May 2015.

†Please see Table 1 in [11].

602




