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Beamforming for a Fast Scanning Phased Array
Weather Radar

Abstract — At the airports, fast-scanning phased array radars
are used to detect point-like targets, e.g., birds and drones.
However, these radars do not possess Doppler processing and
thus are not used for observation of the weather targets like
precipitation events. A series of steps need to be performed, such
as beamforming in elevation, target masking for weather-like
targets, and Doppler processing to complete the signal processing
chain for this kind of radar for weather-like targets. This paper
focuses only on beamforming in elevation which is the first step
in the direction of 3D wind field estimation for a fast-scanning
phased array radar. The reiterative Minimum Mean Square
Error (rMMSE) beamforming technique is proposed in this paper
and has been used on real radar observations. The performance is
analysed for the first time when noise is under or overestimated.
The rMMSE beamformer has been compared with the Fourier
(FR) and Capon (CP) beamformers.

Keywords — fast scanning radars, phased array, Doppler
velocity, target masks, beamforming

I. INTRODUCTION

Detection of weather-like targets such as precipitation and
estimation of wind velocity and direction, including turbulence
intensity field, are vital tasks for airport radars. However,
the existing radar technologies at the airports are well suited
for detecting and tracking point-like targets such as birds
and drones. The radars scan very fast in azimuth to have
a fast update of the reflectivity profile in space. The faster
the update, the better the tracking of the point-like targets.
As only the reflectivity profile is needed in space, these
radars do not perform any Doppler processing on the echoes
in time. Range migration is one such popular technique
used to resolve the dynamics of the point-like targets in the
radar field of view [1] only with the reflectivity information.
Due to the fast scanning nature, it limits the dwell time
of the radar beam for a particular direction in space. The
very short dwell time limits the radar performance as far
as the Doppler processing is concerned. The radar that is
discussed in this paper is the Max3D radar by Robin Radar
[2]. It is a FCMW radar that scans the azimuth with a
speed of Ω = 60 rpm while on elevation it is electronically
scanning in the interval 0◦ to 60◦. In the processing chain,
at first, beamforming is performed in the elevation using the
re-iterative Minimum Mean Square Error “rMMSE” technique.
It is compared with the classical beamforming techniques
such as the Discrete Fourier Transform (FR) and Capon
(CP) techniques. In addition to that, the paper presents the

performance of the beamformers based on whether or not the
noise information is under or overestimated. The performance
of the beamformers is assessed with respect to sidelobe
level reduction and Doppler moments estimation. This paper
presents the verification of such beamforming techniques on
real radar data with precipitation-like non-stationary distributed
targets.

II. RADAR PARAMETERS

Systems of antennas for MAX3D radar present two
antennas for receiving, RX1 and RX2 and one for transmission,
TX. The first receive antenna, RX1, called Main-Array, has
40 slotted waveguides lines, with a tilt angle of 15◦ and an
electronic scanning interval [0.5◦, 30◦], in the elevation. RX2
is called the Blind-spot-Array and has 8 elements, with a tilt
angle of 45◦ and elevation interval [30◦, 60◦]. The thesis [3]
can be followed for other details about the radar.

III. BEAMFORMING

The beamforming is performed on the elevation axis
represented as θ. Several beamforming techniques are applied
with simulated data and also real radar data.

A. Signal Model

The array consists of M equally spaced identical antenna
elements receiving lth time sample of the complex radar return
signal xl (xl is a vector of dimension M × 1). The matrix A
having a dimension of (M × K) consists of spatial steering
vectors a(θ). The vector sl has a dimension of (K × 1), and
it is associated with the complex radar return at an arbitrary
range bin. A white Gaussian noise vector nl is added with
dimension (M×1). As matrix A contains the steering vectors
as a function of the antenna elements, the second dimension
of A, i.e., K, is the number of angular directions independent
of the precipitation profiles. The vector xl can be written as

xl = Asl + nl (1)

where

xl = [xl,0, xl,1, · · · , xl,M−1]
T (2)

sl = [sl,0, sl,1, · · · , sl,M−1]

A = [a(θ0)a(θ1), · · · ,aθK−1
]

a(θ) = [1 exp(−j2π∆sin(θ)) · · · exp(−j2π(M − 1)∆ sin(θ))]
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where ∆ = d
λ . Here, d is the distance between two consecutive

antenna elements, and λ is the central wavelength of the radar.
The operator [·]T is the transpose of the matrix/ vector. The
term j is the imaginary unit

√
−1. A beamformer tries to find

filter weights such that the precipitation profile is as close as sl.
If we consider the estimated weights are wk, then the estimated
precipitation profile is given by

ŝl,k = wH
k xl (3)

where [·]H is the Hermitian operator.

B. Beamforming Techniques

The beamforming techniques that are studied for this radar
are the Fourier, the Capon and the rMMSE algorithms. For
details about how the Fourier and the Capon beamformers
are applied, [3] can be followed. The rMMSE beamformer
was first proposed in [4] for point-like targets. Later, this
approach was extended for precipitation-like targets in [5]. The
beamformer has the following expression.

wMMSEk
=

R−1a(θk)

aH(θk)R−1a(θk)
(4)

where R is the sample covariance matrix (SCM) and is given
by

R = ARsA
H +Rn (5)

The SCM has been decomposed into signal and noise
covariances Rs and Rn. The initialization of this beamformer
is nothing but the Fourier beamformer. The steps of rMMSE
are given as follows.

1) Prior information: The Fourier beamformer is used as
the starting point for the rMMSE.

R̂0
s =

1

L
ŜFRŜ

H
FR ⊙ IK×K (6)

where

ŜFR = [̂s0 · · · ŝL−1]

ŜFR = WH
FRX

WFR = [a(θ0) · · ·a(θK−1)]

2) Computation of the weight vectors: In each iteration i,
the weights are updated using the updated covariance
of the previous iteration.

w
(i)
MMSEk

=
R(i)−1

a(θk)

aH(θk)R(i)−1a(θk)
(7)

where
R(i) = AR(i)

s AH +Rn (8)

3) Determination of rMMSE solutions: K new solutions
are computed for each new set of weight vectors in
order to update the space covariance matrix, R(i)

s .

Ŝ
(i)
rMMSE = W

(i)H

rMMSEX (9)

W
(i)
rMMSE = [w

(i)
MMSE0

· · ·w(i)
MMSEK−1

] (10)

4) Reiteration: i+1 iterative space covariance matrix, R̂s,
calculated using i-iterative rMMSE solutions.

R̂i+1
s =

1

L
Ŝ
(i)
rMMSEŜ

(i)H

rMMSE ⊙ IK×K (11)

The algorithm jumps to step 2.
The algorithm stops when the minimum mean square error
between two consecutive iterations

δi =
1

N

N∑
n=1

∑L
l=1 ||̂s

(i)
MMSEl,k

− ŝ
(i−1)
MMSEl,k

||2∑L
l=1 ||̂s

(i−1)
MMSEl,k

||2

 (12)

reaches a threshold. The converged rMMSE is referred to as
cMMSE henceforth.

IV. RESULTS ON SIMULATED DATA

The performance of the rMMSE algorithm is assessed
by sidelobes suppression and robustness to a limited number
of Doppler bins. The analysis based on the abovementioned
criteria is presented in detail in [5] for both point-like and
extended targets. These results are reproduced in [3]. The
targets considered in this simulation are extended targets. The
radar signals are simulated by assuming that the Doppler
velocity profiles for each target are Gaussian in nature [6].
From the analysis of simulated data in [3], the following is
concluded.

1) FR accurately estimates the total power contained
in the spectrum in the elevation ranges [8.7◦, 10.7◦]
and [22.6◦, 26.5◦]. The mean Doppler velocity and
spectrum width estimated is closer to the true value
where the total power is accurately estimated.

2) The FR technique shows little dependence on the
number of Doppler bins. Here, the number of Doppler
bins is considered at least 16.

3) The CP technique shows dependence on the number of
Doppler bins.

4) Furthermore, it is observed that cMMSE(6)
performances are superior as compared to the
FR and CP techniques.

This paper also focuses on the algorithm performance in the
case of underestimation or overestimation of noise variance,
the parameter used to compute noise covariance matrix, Rn.
This study is not included in [5]. The input parameters for this
case are listed in Table 1.

Table 1. Input parameters values for extended targets

Extended Targets
LHS target RHS target

Parameter Value Value
θsteer [−0.5◦to35◦]
θtg 10◦ 25◦

∆θ 0.97◦

P 40 dB 60 dB
SNR 50 dB
σ2
n 10 dB

σ2
nM0

5.7 dB
Doppler bins 16 and 256

σD 1.5 m/s
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(a) (b)

(c) (d)

(e) (f)
Fig. 1. Examples of data results for sidelobes suppression performance analysis.

Based on the results shown in Table 2, it can be
concluded that the rMMSE provides better accuracy for
the underestimation case than for the overestimation case.
The necessary number of iterations differs in the over and
under-estimation cases. Table 2 shows the performance of
the rMMSE algorithm when the noise variance is over or
underestimated. For overestimation, a noise variance of
20 dB, and for underestimation, a noise variance of 0 dB
is used respectively. The true noise variance is 10 dB.

Table 2. Estimation accuracy for rMMSE when noise variance deviates from
true value

σ2
n = 0 dB σ2

n = 10 dB
(true value) σ2

n = 20 dB

Parameters mean
bias

standard
deviation

mean
bias

standard
deviation

mean
bias

standard
deviation

total power dB -1.8 3.5 -0.85 2.3 -0.99 2.75
mean Doppler velocity m/s 0.24 0.54 0.16 0.38 0.17 0.32

spectral width m/s 0.32 0.48 0.13 0.27 0.20 0.49
Number of iterations (i) 8 6 5

V. APPLICATION TO REAL RADAR DATA

The real data is assessed by the following criteria.
1) Sidelobe level suppression: A specific range-azimuth

cell is chosen where a ground target is present, and
all the beamformers are assessed by elevation-Doppler
maps.

2) Elevation-Doppler: The performance is analysed for all
three beamformers on real data with a weather target
using elevation-Doppler maps.

A. Sidelobe level suppression

The azimuth direction considered in the analysis is ϕ =
35◦. Substantial ground clutter is present at a range r = 35 km.
Therefore, the elevation-Doppler map at this range-azimuth
cell is analysed. In the following figure 1, the results are
shown in increasing order of SNR. Every row corresponds
to a single SNR. The first column for each SNR contains the
2D elevation-Doppler image plot with all three beamformers.
The second column contains the Doppler moments (M0 is
the total power, M1 is the mean Doppler velocity and M2

is the Doppler spectrum width [7]) at each elevation with all
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three beamformers. The number of Doppler bins considered in
this case is 256. Based on Fig. 1, it can be said that the CP
method suppresses the sidelobes at 0◦ elevation even though
it underestimates the total power. Based on the noise analysis
performed in [3] for the same radar, it can be observed that the
noise power at the same range is σ2

n

M = 8 dB, where M is the
number of antennas. Based on the relation between the noise
floor and the noise power σnin

= N
σ2
n

M dv, (N is the number of
Doppler bins, dv is the velocity resolution), it can be said that
the noise floor at this range-azimuth cell is σnin

= 2.34 dB
for N = 256 and dv = 0.0578 m/s. The CP method, at higher
elevations, reproduces this noise floor. Therefore, CP can be
considered the benchmark in terms of sidelobe suppression.
The cMMSE provides excellent sidelobe suppression at higher
elevation angles and converges towards the CP results. It also
provides a better estimation of the total power compared to FR
and CP. However, in the second-row cMMSE does not suppress
sidelobes and performs similarly to the FR. The estimation
of M1 remains constant in all the cases. The estimation of
M2, based on the CP benchmark, should converge to 4 m/s.
However, it converges to this only on the first row. On the
third row, at a higher elevation, cMMSE performs worse than
the FR regarding sidelobe suppression.

B. Elevation Doppler Results

Fig. 2 shows results of elevation-Doppler for azimuth
direction, ϕ = 35◦, with a range within interval 10 to 11
km. The first row contains the elevation Doppler spectrum,
and the second row includes the moments’ estimation with all
three beamformers. The cMMSE suppresses sidelobes around
the target, but at higher elevation angles, the performance
converges to the FR one. At higher elevation angles, the total
power estimate of cMMSE is lower than that of the FR.
Regarding spectral width, FR and cMMSE perform similarly,
but within elevation interval 11◦ and 20◦, cMMSE follows CP
results, where FR oscillates around CP results.

VI. CONCLUSION

In this paper, the rMMSE beamformer is proposed for
digital beamforming in the elevation plane and applied
to the real radar data from the Max3D radar [2]. The
beamformer performance is assessed alongside the Fourier
and Capon beamformers. The beamformer has been applied
on real radar observations with only clutter, and when
distributed, non-stationary targets are present. The performance
is analysed based on sidelobe level reduction and Doppler
moments estimation. The rMMSE beamformer’s performance
is also studied when the noise variance is underestimated or
overestimated. Regarding the suppression of sidelobes, the
rMMSE algorithm performs better than the other two methods.
The performance of CP is better than rMMSE at higher
elevation angles. The performance of rMMSE converges to
that of FR at higher elevation angles for specific cases of
SNR. This research paves the way for the reconstruction of
Doppler moments profiles in 3D in the future. With a multiple
beam architecture in the elevation and mechanical scan over

(a)

(b)
Fig. 2. Example of elevation-Doppler 2D image plot when weather target is
present.

azimuth, all three spatial components of the true wind field
can be estimated at each radar resolution volume.
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