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Abstract—For reliable reception of weak signals, eigen-based
signal combining algorithms are very effective. However, the
algorithms involve a heavy computational burden. In this paper, a
fast eigen-based signal combining algorithm is proposed by using
the coordinate rotation digital computer (CORDIC) method.
CORDIC can use addition and bitshift operations to replace the
multiplications in the eigen-based signal combining algorithms.
Simulation results indicate that the proposed algorithm can
reduce the computational cost while it provides a good combining
performance.

I. INTRODUCTION

The main task of signal combining is to find a set of
combining weights, so that the combined signal can obtain
a good signal-to-noise ratio (SNR). SUMPLE, one of the
traditional signal combining algorithm, is unstable with a weak
SNR [1], [2]. Eigen-based algorithms that achieve certain
objectives, on the other hand, are very effective in signal
combining. In [3], SNR is used as the objective function
(SNR EIGEN). It needs to estimate not only the signal but
also the noise correlation matrix, which is difficult to directly
estimate from the received signals [4], [5]. If the received
noises are the additive white Gaussian noise with the same
variance (uniform noise power), maximizing the combined
output power (COP EIGEN) will be equivalent to maximizing
the combined output SNR [6]. Although COP EIGEN can
eliminate the estimation of the noise correlation matrix, the
combining weights of COP EIGEN are biased when noise
variances are different (non-uniform noise power) [6], [7]. In
order to overcome the drawback, an autocorrelation coefficient
is used as the objective function (AC EIGEN) [7], which
has a better performance under a non-uniform noise power
condition.

The heavy computational burden is the major problem for
all above eigen-based algorithms [2], [7]. Their calculation
includes both forming signal or noise correlation matrices and
solving an eigenvector problem [7]. A power method (PM)
and a proposed matrix-free method (PMFM) are presented in
[8], but PM only reduces the computational cost for solving
the eigenvector problem [8]. As far as PMFM is concerned, its
combining weights are also biased with a non-uniform noise
power [7]. As a result, for hardware circuits and systems, the
eigen-based algorithms require huge computational cost as the

number of sensors 𝑁 and the length of sample 𝐿 increase.
To alleviate the computational burden, a fast eigen-based
algorithm that employs a signum polarization (SP) model and
a Chebyshev polynomials (CP) is presented in [9]. However,
extra multiplications are incurred by using CP. Therefore, this
paper proposes a fast eigen-based signal combining algorithm
that combines the SP model with a coordinate rotation dig-
ital computer (CORDIC) method to further reduce the extra
multiplications.

The remainder of this paper is organized as follows. Section
II introduces the related work while Section III proposes the
fast algorithm. Section IV provides numerical examples and
comparisons. Finally, some concluding remarks are given in
Section V.

II. RELATED WORK

A. Traditional Eigen-based Signal Combining Algorithms

The received signals of a sensor array can be expressed as
[7]

𝑥𝑖 (𝑘) = 𝛼𝑖𝑠 (𝑘) + 𝑛𝑖 (𝑘) 𝑖 = 1, 2, ⋅ ⋅ ⋅ , 𝑁, (1)

where 𝑠 (𝑘) is the source signal, 𝑘 is the sample index, 𝛼𝑖,
𝑛𝑖 (𝑘), and 𝑥𝑖 (𝑘) are the gain, the white Gaussian noise, and
the received signal of the 𝑖th sensor, respectively.

The combined signal is given by [7]

𝑥𝑐 (𝑘) = 𝒘𝐻𝒙 (𝑘) = 𝒘𝐻𝒔 (𝑘)+𝒘𝐻𝒏 (𝑘) = 𝑠𝑐 (𝑘)+𝑛𝑐 (𝑘) ,
(2)

𝒘 = [𝑤1, 𝑤2, ⋅ ⋅ ⋅ , 𝑤𝑁 ]
𝑇
, (3)

𝜶 = [𝛼1, 𝛼2, ⋅ ⋅ ⋅ , 𝛼𝑁 ]
𝑇
, (4)

𝒙 (𝑘) = [𝑥1 (𝑘) , 𝑥2 (𝑘) , ⋅ ⋅ ⋅𝑥𝑁 (𝑘)]
𝑇
, (5)

𝒔 (𝑘) = [𝛼1𝑠 (𝑘) , 𝛼2𝑠 (𝑘) , ⋅ ⋅ ⋅ , 𝛼𝑁𝑠 (𝑘)]
𝑇
, (6)

𝒏 (𝑘) = [𝑛1 (𝑘) , 𝑛2 (𝑘) , ⋅ ⋅ ⋅𝑛𝑁 (𝑘)]
𝑇
, (7)

where 𝒘 is the combining weights, 𝜶 is the receiving-sensor
gain vector, 𝑠𝑐 (𝑘), 𝑛𝑐 (𝑘), and 𝑥𝑐 (𝑘) represent the combined
source signal, the combined noise, and the combined signal,
the superscript 𝑇 and 𝐻 denote the transpose operator and the
transpose conjugate operator, respectively.
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According to the definition, the combined signal’s SNR is
[3]

𝛾𝑥𝑐
=

𝐸
[∣∣𝒘𝐻𝒔 (𝑘)

∣∣2]
𝐸
[
∣𝒘𝐻𝒏 (𝑘)∣2

] =
𝒘𝐻𝑹𝒔 (0)𝒘

𝒘𝐻𝑹𝒏 (0)𝒘
, (8)

𝑹𝒙 (0) = 𝑹𝒔 (0) +𝑹𝒏 (0) , (9)

𝛾𝑥𝑐
=

𝒘𝐻𝑹𝒙 (0)𝒘

𝒘𝐻𝑹𝒏 (0)𝒘
− 1, (10)

where 𝐸 [⋅] is an expected value, 𝑹𝒔 (0), 𝑹𝒏 (0), and 𝑹𝒙 (0)
are the source signal correlation matrix, the noise correlation
matrix, and the signal correlation matrix, respectively. Taking
the partial derivative of (10) with respect to 𝒘 yields [3]

𝑹−1
𝒏 (0)𝑹𝒙 (0)𝒘 − 𝒘𝐻𝑹𝒙 (0)𝒘

𝒘𝐻𝑹𝒏 (0)𝒘
𝒘 = 0, (11)

𝑹𝒙(𝜏) =

⎡
⎢⎢⎢⎣

𝑅𝑥1𝑥1
(𝜏) 𝑅𝑥1𝑥2

(𝜏) ⋅ ⋅ ⋅ 𝑅𝑥1𝑥𝑁
(𝜏)

𝑅𝑥2𝑥1
(𝜏) 𝑅𝑥2𝑥2

(𝜏) ⋅ ⋅ ⋅ 𝑅𝑥2𝑥𝑁
(𝜏)

...
...

. . .
...

𝑅𝑥𝑁𝑥1
(𝜏) 𝑅𝑥𝑁𝑥2

(𝜏) ⋅ ⋅ ⋅ 𝑅𝑥𝑁𝑥𝑁
(𝜏)

⎤
⎥⎥⎥⎦ ,
(12)

𝑅𝑥𝑖𝑥𝑗
(𝜏) =

1

𝐿

𝐿∑
𝑘=1

𝑥𝑖(𝑘)𝑥𝑗(𝑘 + 𝜏) 𝑖, 𝑗 = 1, 2, ⋅ ⋅ ⋅𝑁, (13)

where 𝑹−1
𝒏 (0) is the inverse matrix of 𝑹𝒏(0), 𝑅𝑥𝑖𝑥𝑗

(𝜏) is a
cross-correlation function, and 𝜏 is a delay. The combining
weights of SNR EIGEN are proved to be the eigenvector
corresponding to the largest eigenvalue of the 𝑹−1

𝒏 (0)𝑹𝒙 (0)
[3]. This eigenvector is regarded as the dominant eigenvector.

Since the 𝑹𝒏 (0) can not be easily estimated from received
signals, the combining weights are commonly calculated by
𝑹𝒙 (0) (COP EIGEN) [6] or 𝑹−1

𝒙 (0)𝑹𝒙 (𝜏) (AC EIGEN)
[7].

B. Proposed Matrix-Free Method, PMFM

PMFM bypasses the forming of the signal correlation matrix
[8]. Starting with an initial vector 𝒘(0), the subsequent steps
follow [8]

𝒖(𝑚) (𝑘) =

𝑁∑
𝑖=1

𝑤
(𝑚−1)
𝑖 𝒙𝒊 (𝑘) 𝑘 = 1, 2, ⋅ ⋅ ⋅ , 𝐿, (14)

where 𝑚 is the iterative number, 𝒖(𝑚) (𝑘) is the weighted
sum of the received signals. The inner product of 𝒖(𝑚) (𝑘)
with each individual received signal is [8]

𝑦
(𝑚)
𝑖 = 𝐸

[
𝒙𝒊 (𝑘)𝒖

(𝑚) (𝑘)
]

𝑘 = 1, 2, ⋅ ⋅ ⋅ , 𝐿, (15)

𝒚(𝑚) =
[
𝑦
(𝑚)
1 , 𝑦

(𝑚)
2 , ⋅ ⋅ ⋅ , 𝑦(𝑚)

𝑁

]𝑇
, (16)

𝒘(𝑚) =
𝒚(𝑚)∥∥𝒚(𝑚)

∥∥ , (17)

where 𝒚(𝑚) is a transient vector, and 𝒘(𝑚) is normalized at
each iteration. Although the computational cost can be reduced
by using PMFM, its combining weights are biased with a non-
uniform noise power [7]

III. FAST ALGORITHM

Each signal correlation matrix requires an order 𝑁2𝐿
multiplication operations [7], [8], which is complicated and
impractical in term of hardware systems as 𝑁 and 𝐿 increase.
Therefore, a fast signal combining algorithm is proposed in
this paper. The complicated multiplications can be replaced
by much simpler operations.

A. Signum Polarization Model and CORDIC Method

According to [10], if 𝒙𝒊 (𝑡) is a Gaussian distribution with
zero mean value, the cross-correlation function 𝑅𝑥𝑖𝑥𝑗

(𝜏) can
be expressed as [10]

𝑅𝑥𝑖𝑥𝑗
(𝜏) = sin

[𝜋
2
𝐻𝑧𝑖𝑧𝑗 (𝜏)

]
𝑖, 𝑗 = 1, 2, ⋅ ⋅ ⋅𝑁, (18)

𝐻𝑧𝑖𝑧𝑗 (𝜏) = lim
𝑇→∞

1

𝑇

∫ 𝑇

0

𝑧𝑖(𝑡)𝑧𝑗(𝑡+ 𝜏)𝑑𝑡 𝑖, 𝑗 = 1, 2, ⋅ ⋅ ⋅ , 𝑁,
(19)

𝑧𝑖 (𝑡) =

{
+1, ∀𝑥𝑖 (𝑡) > 0
−1,∀𝑥𝑖 (𝑡) < 0

, (20)

where 𝐻𝑧𝑖𝑧𝑗 (𝜏) is the polarization cross-correlation function,
and 𝑧𝑖 (𝑡) is a polarization signal. Based on above results, we
consider using a SP model to calculate an estimation cross-
correlation function 𝑅̂𝑥𝑖𝑥𝑗

(𝜏) and an estimation of polarization
cross-correlation function 𝐻̂𝑧𝑖𝑧𝑗 (𝜏).

The mathematical model of the SP can be expressed as [9]

𝑆𝑖𝑔𝑛𝑢𝑚(𝑋) =

⎧⎨
⎩

+1, ∀𝑋 > 0
0, ∀𝑋 = 0
−1,∀𝑋 < 0

, (21)

𝒛𝒊 (𝑘) = 𝑆𝑖𝑔𝑛𝑢𝑚 (𝒙𝒊 (𝑘)) 𝑘 = 1, 2, ⋅ ⋅ ⋅ , 𝐿, (22)

𝐻̂𝑧𝑖𝑧𝑗 (𝜏) =
1

𝐿

𝐿∑
𝑘=1

𝑧𝑖(𝑘)𝑧𝑗(𝑘 + 𝜏) 𝑖, 𝑗 = 1, 2, ⋅ ⋅ ⋅𝑁. (23)

It can be seen that 𝐻̂𝑧𝑖𝑧𝑗 (𝜏) can be calculated by using
increase or decrease 1 operations rather than multiplications.
Then, 𝑅̂𝑥𝑖𝑥𝑗

(𝜏) can be obtained by substituting (23) into (18).
We could use the polynomials methods, such as CP, to solve

the sine function in (18) [9]. 𝑅̂𝑥𝑖𝑥𝑗
(𝜏) can be calculated by

𝑅̂𝑥𝑖𝑥𝑗
(𝜏) = sin

[𝜋
2
𝐻̂𝑧𝑖𝑧𝑗 (𝜏)

]
= sin

[𝜋
2
ℎ
]
=

∞∑
𝑝=0

𝜃𝑝𝑇𝑝 (ℎ),

(24)

𝜃𝑝 =

{
2
𝜋

∫ +1

−1

sin[𝜋2 ℎ]𝑇𝑝(ℎ)√
1−ℎ2

𝑑ℎ, 𝑝 = 1, 3, ⋅ ⋅ ⋅
0, 𝑝 = 0, 2, ⋅ ⋅ ⋅

, (25)

where 𝑝 is the order of Chebyshev polynomials, 𝑇𝑝 is the 𝑝th
Chebyshev polynomials, 𝜃𝑝 is the 𝑝th Chebyshev polynomials
coefficients. So 𝑅̂𝑥𝑖𝑥𝑗

(𝜏) in (24) can be rewritten as [9]

𝑅̂𝑥𝑖𝑥𝑗
(𝜏) = 𝜃1ℎ+ 𝜃3ℎ

3 + ⋅ ⋅ ⋅ , 𝑝 = 1, 3, ⋅ ⋅ ⋅ . (26)

From above analysis, we can find that the extra multiplication
operations must be involved in calculating 𝑅̂𝑥𝑖𝑥𝑗

(𝜏) by using
CP [9].
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TABLE I
THE ACCURACY OF CORDIC METHOD

(𝜋/2)ℎ 0 𝜋/12 𝜋/6 𝜋/4 𝜋/3 5𝜋/12 𝜋/2

𝑅𝑥𝑖𝑥𝑗 (𝜏) 0 0.2588 0.5000 0.7071 0.8660 0.9659 1.0000

𝑅̂𝑥𝑖𝑥𝑗 (𝜏) 0.0476 0.1998 0.4281 0.6374 0.9037 0.9798 0.9989
𝑛 = 4 𝑒𝑟𝑟𝑜𝑟 4.76% 22.79% 14.38% 9.85% 4.35% 1.44% 0.11%

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑒𝑟𝑟𝑜𝑟 8.24%

𝑅̂𝑥𝑖𝑥𝑗 (𝜏) 0.0070 0.2530 0.5040 0.7121 0.8637 0.9675 1.0000
𝑛 = 8 𝑒𝑟𝑟𝑜𝑟 0.70% 2.24% 0.08% 0.71% 0.27% 0.17% 0.00%

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑒𝑟𝑟𝑜𝑟 0.59%

𝑅̂𝑥𝑖𝑥𝑗 (𝜏) 0.0000 0.2591 0.5002 0.7070 0.8659 0.9659 1.0000
𝑛 = 12 𝑒𝑟𝑟𝑜𝑟 0.00% 0.01% 0.01% 0.01% 0.01% 0.00% 0.00%

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑒𝑟𝑟𝑜𝑟 0.01%

TABLE II
COMPUTATIONAL COMPLEXITY COMPARISON FOR ALL THE CONSIDERED ALGORITHMS

No. of multiplications No. of additions No. of shift No. of comparisons No. of increase 1

SNR EIGEN 2
(
𝑁2𝐿

)
+𝑁3 / / / /

COP EIGEN 𝑁2𝐿+𝑁3 / / / /
AC EIGEN 2

(
𝑁2𝐿

)
+𝑁3 / / / /

PM 𝑁2𝐿+𝑁2𝑚𝑃𝑀 / / / /
PMFM 2𝑁𝐿𝑚𝑃𝑀𝐹𝑀 / / / /
COP+SP+CP 𝑁3 128𝑁2 +𝑁2 128𝑁2 𝑁𝐿 𝑁2𝐿
AC+SP+CP 𝑁3 256𝑁2 +𝑁2 256𝑁2 2𝑁𝐿 2𝑁2𝐿
COP+SP+CORDIC 𝑁3 24𝑁2 16𝑁2 8𝑁2 +𝑁𝐿 𝑁2𝐿
AC+SP+CORDIC 𝑁3 48𝑁2 32𝑁2 16𝑁2 + 2𝑁𝐿 2𝑁2𝐿

CORDIC is an iterative method to calculate trigonometric
function, and the only operations it requires are addition and
bitshift [11]. If a two-dimensional vector (𝑥𝐼 , 𝑦𝐼) is rotated to
a vector (𝑥𝐷, 𝑦𝐷), this computation is given by[

𝑥𝐷
𝑦𝐷

]
= cos𝜙

[
1 − tan𝜙

tan𝜙 1

] [
𝑥𝐼
𝑦𝐼

]
, (27)

𝜙 =
𝑛−1∑
𝑙=0

𝛿𝑙𝜙𝑙, (28)

𝜙𝑙 = arctan
(
2−𝑙
)

𝑙 = 0, 1, 2, ⋅ ⋅ ⋅ , 𝑛− 1, (29)

where 𝑛 is the iterative number of CORDIC, 𝜙 is the rotation
angle which decomposes into a sequence of micro-rotation
angle 𝜙𝑙, 𝛿𝑙 is the direction of 𝜙𝑙. For each iteration, CORDIC
can be expressed as[

𝑥𝑙+1

𝑦𝑙+1

]
= cos𝜙𝑙

[
1 −𝛿𝑙2−𝑙

𝛿𝑙2
−𝑙 1

] [
𝑥𝑙
𝑦𝑙

]
. (30)

From (𝑥𝐼 , 𝑦𝐼) to (𝑥𝐷, 𝑦𝐷), (27) can be rewritten as[
𝑥𝐷
𝑦𝐷

]
= K

(
𝑛−1∏
𝑙=0

[
1 −𝛿𝑙2−𝑙

𝛿𝑙2
−𝑙 1

])[
𝑥𝐼
𝑦𝐼

]
, (31)

𝐾=
1

𝑃
=

𝑛−1∏
𝑙=0

𝐾𝑙 =

𝑛−1∏
𝑙=0

cos𝜙𝑙 =

𝑛−1∏
𝑙=0

1√
1 + 2−2𝑙

, (32)

𝐾 = lim
𝑛→∞

𝑛−1∏
𝑙=0

𝐾𝑙 ≈ 0.607253, (33)

where 𝐾𝑙 is the scale factor. 𝐾𝑙 and 𝜙𝑙 in (29) are chosen to
certain values according to the iterative number of CORDIC,
so they can be calculated in advance and stored in a table.

Therefore, the iterative process of CORDIC method are as
follows

𝑥𝑙+1 = 𝑥𝑙 − 𝛿𝑙𝑦𝑙2
−𝑙

𝑦𝑙+1 = 𝑦𝑙 + 𝛿𝑙𝑥𝑙2
−𝑙

𝑧𝑙+1 = 𝑧𝑙 − 𝛿𝑙 arctan
(
2−𝑙
)

𝛿𝑙 =

{
+1 ∀𝑧𝑙 > 0
−1 ∀𝑧𝑙 < 0

, (34)

where 𝑧𝑙 is the remainder angle from the rotation angle 𝜙 after
𝑙 iterations. If 𝑧𝑙 is positive, the rotation is clockwise and 𝛿𝑙 =
+1, otherwise the rotation is counterclockwise and 𝛿𝑙 = −1.
Since 𝑥𝑙2−𝑙 and 𝑦𝑙2−𝑙 can be implemented by a simple bitshift
operation for hardware, the only operations CORDIC requires
are addition and bitshift.

Let 𝑥0 = 𝐾, 𝑦0 = 0, and 𝑧0 = 𝜙 = (𝜋/2)ℎ in (24), after
𝑛 iterations, the final outputs of CORDIC are 𝑥𝑛 = cos𝜙,
𝑦𝑛 = sin𝜙 = 𝑅̂𝑥𝑖𝑥𝑗

(𝜏), and 𝑧𝑛 = 0, respectively. As a result,
combining the SP model with CORDIC method, 𝑅̂𝑥𝑖𝑥𝑗

(𝜏) can
be obtained without multiplication operations.
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B. Computational Accuracy and Complexity

The accuracy of CORDIC method is summarized in Table I,
(𝜋/2)ℎ in (24) is equal to different values. It can be seen that
CORDIC method with 𝑛 = 4 has a poor estimation accuracy.
On the other hand, CORDIC method with 𝑛 = 12 provides an
excellent accuracy but needs more computational operations.
CORDIC method with 𝑛 = 8 are a good tradeoff between
accuracy and computational cost. Therefore, CORDIC method
with 𝑛 = 8 is used to approximately calculate 𝑅̂𝑥𝑖𝑥𝑗

(𝜏).
Consequently, the length of table stored 𝐾𝑙 and 𝜙𝑙 is merely
8.

A third order CP (𝑝 = 3) provides a comparable accuracy
0.52% for the same (𝜋/2)ℎ [9], but this counterpart needs
4 multiplications and 1 addition for each 𝑅̂𝑥𝑖𝑥𝑗

(𝜏) based
on (26). For a 32-bit hardware system, each multiplication
includes 32 addition and 32 bitshift operations [12]. Therefore,
each 𝑅̂𝑥𝑖𝑥𝑗

(𝜏) used the third order CP involves 128 addition
and 128 bitshift operations. On a contrary, each 𝑅̂𝑥𝑖𝑥𝑗

(𝜏) used
CORDIC method with 𝑛 = 8 only includes 24 addition, 16
bitshift, and 8 comparison operations according to (34).

The computational complexity comparison for all the con-
sidered algorithms are summarized in Table II, where /
notation represents none. 𝑚𝑃𝑀 and 𝑚𝑃𝑀𝐹𝑀 are the iterative
number of PM and PMFM, respectively. The computational
burden of SNR, COP and AC EIGEN are much heavier than
that of the other methods. When 𝑁 is greater than 𝑚𝑃𝑀 ,
PM is an appropriate choice to solve the eigenvector problem
[8]. The combining weights of PMFM are biased with a non-
uniform noise power [7]. For each signal correlation matrix,
the computation cost of SP + CP method still remains 4𝑁2

multiplications, which is equivalent to 128𝑁2 addition and
128𝑁2 bitshift operations based on above discussions. On the
other hand, for SP + CORDIC method, these multiplications
can be replaced by 24𝑁2 addition, 16𝑁2 bitshift, and 8𝑁2

comparison operations. Therefore, more computational con-
sumption can be saved as 𝑁 increases [7], [8]. Moreover, the
proposed algorithm SP + CORDIC can be flexibly implement-
ed with COP or AC EIGEN for different environments.

IV. SIMULATION RESULTS

This section contains illustrative simulations aimed at show-
ing the effectiveness of the proposed algorithm SP + CORDIC
in terms of the combining performance. A 80KHz sine signal
with random phase is the source signal, the sample frequency
is 1.4MHz, and 𝑛𝑖(𝑘) is independent white Gaussian noises
[9]. 𝜶 = [1, 1, ⋅ ⋅ ⋅ , 1]𝑇 , 𝜏 of AC EIGEN is selected as 1, and
the noise variances are 1 : 1 : 1.5 : 1.5 for 𝑁 = 4 under a
non-uniform noise power condition [7]. The iterative number
𝑚𝑃𝑀𝐹𝑀 = 30.

The combining loss for different 𝑁 and 𝐿 with an uniform
noise power is shown in Fig. 1. We notice that COP EIGEN,
PMFM, SP + CP, and SP + CORDIC provide a better com-
bining performance compared to AC EIGEN with an uniform
noise power. Moreover, it also can be seen that the greater 𝐿,
the less combining loss for all these methods.

The comparative performance with a non-uniform noise
power is displayed in Fig. 2. One can find that the combining
loss of AC EIGEN is the minimum with a non-uniform noise
power. At the same time, the combining performance of SP +
CP and SP + CORDIC is far better than that of COP EIGEN
and PMFM under this condition.

V. CONCLUSION

A fast eigen-based algorithm that combines the SP model
with CORDIC method is proposed in this paper. This algo-
rithm can use addition and bitshift operations to replace the
multiplications in the signal correlation matrices. Therefore,
it can save more computational consumption as 𝑁 and 𝐿
increase. In addition, for different noise power environments,
this algorithm can be flexibly implemented to COP or AC
EIGEN. Mathematical analysis and computational cost for
our algorithm are also presented. Simulation results have
shown that the proposed algorithm can effectively reduce
the computational cost while it provides a good combining
performance.
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Fig. 1. The combining loss for different 𝑁 and 𝐿 with an uniform noise power.
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Fig. 2. The combining loss for different 𝑁 and 𝐿 with a non-uniform noise power.
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