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Fig. 5. ASRs for M-BFD and M-BHD (M-TDD and M-FDD) systems with
various channel correlation and SIC coefficients when K = 2 and K = 5.

remaining power of the residual SI, whereas the ASR for the M-BHD
system increases according to the SNR. The analysis shows that the
M-BFD system is still advantageous for achieving higher ASRs, even
when SI is present.
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VI. C ONCLUSION
This paper has investigated a BFD system in a multispectrum
environment and proposed a spectrum selection strategy for use with it.
Our spectrum selection strategy selects the best spectrum considering
the CSI of the M-BFD system. This strategy is an efficient way for
an M-BFD system to maximize the ASR. After applying the selection
strategy, we compared M-BFD with M-BHD systems. Analytical and
numerical results show that the M-BFD system can achieve the highest
ASR although the M-TDD system has the highest spectrum selection
gain. We also compared the ASRs for the M-BFD and M-BHD
systems in practical environments such as imperfect SIC and channel
correlation. Our analysis indicates that the M-BFD system is still an
advantageous approach for achieving higher ASRs in multispectrum
environments. Possible topics for the future include extending our
work to cover multiple antennas with antenna selections, advanced
spectrum selection scheme considering power of residual SI, and ad
hoc networks with multiple nodes.

Abstract—This paper investigates the diversity order of beamforming
schemes in frequency-selective multiple-input multiple-output (MIMO)
amplify-and-forward (AF) relaying channels with a nonnegligible direct
link between the source and the destination. In this system, orthogonal frequency-division multiplexing and bit-interleaved coded modulation
schemes are adopted to exploit multipath diversity. Due to a nonconvex
property of the problem, the optimal performance of flat-fading MIMO
relaying channels, which is imperative to derive the diversity order, is
still unknown. To this end, we first identify upper and lower bounds of
the signal-to-noise ratio (SNR) of the flat-fading channels, which lead
to upper and lower bounds of diversity order of coded beamforming in
frequency-selective channels. Then, we establish the diversity order as
a closed form by showing that these bounds are tight. In addition, our
analysis provides an insightful guideline for code constructions to achieve
a proper diversity gain of the system. The accuracy of our analysis is
validated through simulation results.
Index Terms—Channel coded systems, direct link, diversity, multipleinput multiple-output (MIMO) systems, relay.
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I. I NTRODUCTION
Over the past decade, multiple-input multiple-output (MIMO) relaying systems have been intensively investigated to extend transmission
coverage and improve the throughput of wireless communication
systems [1], [2]. Among various relaying protocols, the amplify-andforward (AF) protocol, which forwards the amplified version of the
received signal at the relay to the destination, has drawn considerable
attention due to its simple implementation and low processing delay.
Assuming flat-fading channels, a large amount of research efforts
have been devoted to designing linear precoders and analyzing the
performance of MIMO AF relaying systems in [3]–[6] and references
therein. In addition, for wideband frequency-selective channels, the
incorporation of orthogonal frequency-division multiplexing (OFDM)
for MIMO AF relaying systems has been studied in [7]–[9].
In addition, most communication systems adopt channel coding
schemes to enhance the system performance [10]. Nevertheless, the
previous works in [4]–[9] are limited to uncoded systems. To address
coding systems, we examined the diversity order of coded beamforming in MIMO-OFDM relaying systems without a direct link [11].
Lately, it has been shown that exploiting the direct link can provide
considerable performance improvements in terms of the diversity order
and the multiplexing gain [12]. Therefore, if the direct link is strong
enough, we need to optimize the system by taking the direct link into
account.
In this paper, we derive the diversity order of coded beamforming
in MIMO-OFDM AF relaying systems with a nonnegligible direct
link. Unfortunately, an extension of the work in [11] to the case of
systems with a direct link is nontrivial. In particular, with the direct
link, the beamforming strategy at the source, which maximizes the
end-to-end signal-to-noise ratio (SNR), is still unknown, and thus, the
exact derivation of the maximum achievable SNR, which is necessary
to derive the diversity order, remains open. To overcome this difficulty,
we first obtain an upper bound of the achievable SNR, which leads to
an upper bound of diversity order, and then show that this diversity
order is actually achievable.
Thereby, we characterize the diversity order of coded beamforming
schemes as a closed form, which is given by a function of the free
distance of a code, the channel profile of each link, and the number of
antennas at each node. It is expected that the derived simple expression
of the diversity order will be helpful in finding operating points of
the system and predicting its performance. In addition, the analysis
provides useful code construction criteria by identifying the minimum
requirement for the free distance of the code to achieve full diversity.
Finally, numerical results are provided to verify the analysis.
The notations adopted in this paper are as follows: The uppercase
boldface, lowercase boldface, and normal letters stand for matrices,
vectors, and scalars, respectively. The operators (·)T , (·)H , x,
x, and E[·] indicate the transpose, the conjugate transpose, the
smallest integer not less than x, the Euclidian 2-norm of a vector
x, and expectation, respectively. Tr(A) and AF represent the
trace and Frobenius norm of a matrix A, respectively. We denote
.
f (ρ) = g(ρ), when two functions f (ρ) and g(ρ) are exponentially
equal as limρ→∞ (log f (ρ)/ log ρ) = limρ→∞ (log g(ρ)/ log ρ). In˙ and ≥
˙ are similarly defined.
equalities ≤

Fig. 1. System description for K parallel OFDM subchannels in coded
MIMO AF relaying systems.

source-to-relay, and relay-to-destination links for the kth subchannel,
respectively. We define Ll and τn as the number of channel taps and
the nth tap delay for Hl,k (l = 0, 1, 2), respectively.
Then, by denoting the sampling period and the number of subcarriers as T and K, respectively, the (i, j)th element of Hl,k can be
expressed as
(i,j)

Hl,k

=

Ll


hl,n e−j
(i,j)

2πkτn
KT

= hH
l,i,j wl,k

n=1

where

(i,j)
hl,n

is a complex Gaussian random variable with zero mean
Δ

We consider frequency-selective MIMO AF relaying systems with
a nonnegligible direct link. We assume that OFDM modulation is employed at each node so that the wideband frequency-selective channel
is converted into a set of K narrowband flat-fading channels. The
source, relay, and destination nodes are equipped with NS , NR , and
ND antennas, respectively, which is denoted by (NS × NR × ND )
systems. Moreover, H0,k ∈ CND ×NS , H1,k ∈ CNR ×NS , and H2,k ∈
CND ×NR represent the channel matrices for the source-to-destination,

and

−j(2πkτL /KT ) T

Δ

l
wl,k = [e−j(2πkτ1 /KT ) , . . . , e
] .
As shown in Fig. 1, the information bits are encoded with a
single channel encoder and then interleaved by a bit interleaver and
mapped to K data symbols x1 , . . . , xK that will be assigned to K
different subcarriers. We assume that the relay operates in the halfduplex mode. In the first time slot, the source broadcasts xk to the
relay and the destination. Then, the received signal at relay yR,k
and destination yD,1,k is written as yR,k = H1,k fS,k xk + nR,k and
yD,1,k = H0,k fS,k xk + nD,1,k , respectively, where fS,k indicates the
source beamforming vector, and nR,k and nD,1,k represent the noise
vector at the relay and the destination, respectively.
In the second time slot, the relay amplifies the received signal
from the source and forwards it to the destination. Therefore, the
received signal at the destination in the kth subcarrier is given by
yD,2,k = H2,k Gk yR,k + nD,2,k , where Gk and nD,2,k denote the
relay transceiver and the noise vector at the destination, respectively.
Here, all noise elements are assumed to be independent and identically
distributed complex Gaussian random variables with zero mean and
unit variance.
By stacking two signals that have arrived at the destination over two
time slots, we obtain



yD,k









yD,1,k
H0,k fS,k
nD,1,k
=
=
xk +
yD,2,k
H2,k Gk H1,k fS,k
nD,k
Δ



(1)

Δ

where nD,k = H2,k Gk nR,k + nD,2,k . Then, after applying the receive combining vector wD,k , the destination estimates the data
symbol at the kth subcarrier as
H
yD,k = ck xk + ñk
ỹk = wD,k

II. S YSTEM M ODEL

(i,j) H

(i,j)

and unit variance, and we have hl,i,j = [hl,1 , . . . , hl,Ll ]

(2)

where ck stands for the effective channel gain, and ñk is equal to the
effective noise with variance σ̃k2 . Finally, by aggregating all ỹk for
k = 1, . . . , K, the destination restores the information bits through
a maximum likelihood (ML) decoder, e.g., Viterbi decoder for a
convolutional code.
We assume E[|xk |2 ] = PS for k = 1, . . . , K. Moreover, for simplicity, it is assumed to have a per-carrier power constraint at the source
and the relay as fS,k 2 ≤ 1 and Gk 2F + PS Gk H1,k fS,k 2 ≤
PR , respectively, where PS and PR are the available power budget
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at the source and the relay, respectively. Let us define the eigenvalue
H
decomposition (EVD) of HH
l,k Hl,k = Ul,k Λl,k Ul,k , where Ul,k represents a unitary matrix, and Λl,k indicates a diagonal matrix with
eigenvalues. Moreover, we denote the largest eigenvalue of HH
l,k Hl,k
and its corresponding eigenvector as λl,k and ul,k , respectively.
Employing the optimal structure of Gk and wD,k in [5], the end-toend SNR for the kth subchannel γ(fS,k ) can be expressed as a function
Δ

of fS,k as γ(fS,k ) = γr (fS,k ) + γ0 (fS,k ), where γr (fS,k ) = λ2,k PS
Δ

PR H1,k fS,k 2 /(1 + PS H1,k fS,k 2 + λ2,k PR ), and γ0 (fS,k ) =
PS H0,k fS,k 2 . Then, the end-to-end SNR maximization problem is
formulated as
∗
= arg max γ(fS,k ) s.t. fS,k 2 ≤ 1.
fS,k

Note that, due to the nonconvexity of the problem, the optimal
∗
is still unknown. Thus, it is difficult to derive the diversity
solution fS,k
order of the systems. In the following section, we will examine the
Δ
diversity order by analyzing the upper and lower bounds of γk∗ =
∗
). Throughout this paper, we assume that PS = PR = P0 /2,
γ(fS,k
where P0 represents the total transmit power; however, the result can
be easily extended to general cases.
III. PAIRWISE E RROR P ROBABILITY A NALYSIS
Here, we analyze the average pairwise error probability (PEP) of
coded MIMO-OFDM AF relaying systems with a direct link. Given
the observation in (2), an ML decoder makes a decision according
K
to the rule as ĉ = arg minc∈C k=1 (1/σk2 )|(1/ck )ỹk − xk |2 , where
Δ

σk2 = σ̃k2 /c2k , and C indicates a codebook. Then, given Hl,k for all l
and k, the conditional PEP that the ML decoder chooses the erroneous
sequence c̄ instead of the corrected sequence c is given by
P (c → c̄|Hl,k , ∀l, k)
=P


K
2 
2

1 1

1

ỹ
−
x
−
ỹ
−
x̄




k
k
k
k
2
k=1

σk

ck

ck

>0

⎛
⎞
⎛
⎞
K
K
2

1 

dk ⎠
1
PS
= Q ⎝
|xk − x̄k |2 ⎠ = Q ⎝
2
2
2

k=1

σk

2

k=1

σk

(4)

Δ

where Q(·) is the Q-function, and d2k = |xk − x̄k |2 /PS indicates the
normalized Euclidean distance.
Let us define df and dmin as the minimum Hamming distance (or
free distance) for an employed channel code and the minimum of
all possible nonzero dk , respectively. Note that the diversity order
is determined by the worst case performance, and conditions for
the worst case are as follows: 1) The Hamming distance between
c and c̄ is df , i.e., dk = 0 for all k except those df terms inside
the summation in (4). 2) All nonzeros dk are equal to dmin , i.e.,
K

Δ
(d2 /σk2 ) = d2min k∈S (1/σk2 ), where Sk = {k|dk = 0}, and
k=1 k



k

K

K

|Sk | = df . 3) k∈S (1/σk2 ) = k,d (1/σk2 ), where k,d reprek
f
f
sents a summation taken with index k over df smallest components
among K different terms. Therefore, the conditional PEP in (4) can be
written as

⎛

⎞

K
2


PS dmin
1 ⎠
.
P (c → c̄|Hl,k ∀l, k) = Q ⎝
2
2

⎛
(a)

.
= exp⎝−

⎞

PS d2min
4

k,df

σk

⎞
K
K
2


1 ⎠
d
= exp⎝− min
γk∗ ⎠ (5)
2
k,df

σk

⎛

4

where (a) is due to the Chernoff bound, which is known to be exponentially tight at a high SNR, and γk∗ = PS c2k /σ̃k2 = PS /σk2 . Note that, as
previously mentioned, since the expression for γk∗ is unavailable, it is
hard to derive the diversity order of the coded beamforming.
To circumvent this difficulty, we first identify the upper and lower
bounds of γk∗ and then characterize the diversity order by showing that
these bounds are tight in terms of the diversity order. Now, we focus
on an upper bound of γk∗ . Let us divide problem (3) into two separate
problems as follows:
∗
= arg max γr (fS,k )
fS,r,k

s.t. fS,k 2 ≤ 1

(6)

∗
= arg max γ0 (fS,k )
fS,0,k

s.t. fS,k 2 ≤ 1.

(7)

fS,k
fS,k

(3)

fS,k
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k,df

∗
∗
Then, it immediately follows that γk∗ ≤ γr (fS,r,k
) + γ0 (fS,0,k
). In
addition, it is seen that problems (6) and (7) amount to the optimization
problems for the relaying systems without a direct link and the point∗
∗
and fS,0,k
in (6)
to-point MIMO systems, respectively. Thus, fS,r,k
∗
∗
and (7) can be readily obtained as fS,r,k = u1,k and fS,0,k = u0,k ,
respectively. Then, we can get an upper bound of γk∗ at a high SNR as
λ1,k λ2,k PS PR
+ λ0,k PS
γk∗ ≤
1 + λ1,k PS + λ2,k PR
λ1,k λ2,k PS PR
≈
+ λ0,k PS
λ1,k PS + λ2,k PR
P0
min(λ̃k , λ̂k )
≤ min(λ1,k PS , λ2,k PR ) + λ0,k PS =
(8)
2
Δ

Δ

where λ̃k = λ0,k + λ1,k , λ̂k = λ0,k + λ2,k , and the last inequality follows from the harmonic mean inequality, i.e., xy/(x + y) ≤
min(x, y).
Moreover, applying the suboptimal beamforming technique in [13],
we can obtain a lower bound of γk∗ as
P0
min(λ̄k , λ̂k )
γk∗ ≥
(9)
8
where λ̄k is defined as the largest eigenvalue of HH
0,k H0,k +
H
H1,k H1,k . Note that λ̃k and λ̄k are not equal in general, and thus,
the upper and lower bounds of the diversity order in (8) and (9) may
not be the same. In the following theorem, we establish the diversity
order of the coded beamforming scheme by showing that the bounds
of the diversity order are tight.
Theorem 1: The diversity order of the coded beamforming scheme
over (NS × NR × ND ) frequency-selective MIMO AF relaying channels is given by



D = r0,df NS ND + NR min r1,df NS , r2,df ND



(10)

Δ

where rl,df = min(Ll , df ).
Proof: See the Appendix.

It is worth noting that the diversity expression in (10) includes
the previous analysis in [4] and [11] as special cases. For example,
when df = 1 (uncoded) or L0 = L1 = L2 = 1 (flat fading), we have
the diversity order D = NS ND + NR min(NS , ND ) as obtained in
[4]. Moreover, when the direct link is negligible (r0,df = 0), the
diversity order in (10) becomes D = NR min(r1,df NS , r2,df ND ),
which is equal to the result in [11]. Our analysis for the lower bound
of the diversity order in Appendix also illustrates that all beamforming
schemes whose end-to-end SNR of the kth subcarrier γk satisfies
γk ≥ (P0 /8) min(λ̄k , λ̂k ) achieve the diversity order D in (10).
In addition, the diversity order in (10) is maximized when df is
sufficiently large, i.e., df = max(L0 , L1 , L2 ) as
Dmax = L0 NS ND + NR min(L1 NS , L2 ND ).

(11)

However, as df increases, the encoding/decoding complexity becomes
higher. Therefore, it may be important to find the minimum required
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TABLE I
S MALLEST df TO ACHIEVE Dmax

Fig. 2. Average FER performance as a function of P0 with (L0 , L1 , L2 ) =
(2, 2, 2).

free distance df,min to get the maximum diversity Dmax . In Table I,
df,min is summarized for various scenarios. Interestingly, it is shown
that while the first term in (11) is obtained only when df ≥ L0 ,
the second term in Dmax is achievable even when df is smaller
than max(L1 , L2 ). For example, when the two conditions L1 NS ≥
L2 ND and NS ≤ ND are satisfied, df ≥ L2 ND /NS  achieves the
second term in Dmax . Therefore, in this case, we have df,min =
max(L0 , L2 ND /NS ), and the resulting diversity order is given as
Dmax = ND (L0 NS + L2 NR ). This result reveals that when L0 <
L2 ND /NS , increasing the number of source antennas is beneficial
in terms of both the diversity gain and the coding complexity. In
contrast, when L0 ≥ L2 ND /NS , the number of antennas at each
node has nothing to do with df,min . Similar results can be made for
the case of L1 NS < L2 ND and NS > ND .
IV. S IMULATION R ESULTS
Here, we illustrate numerical results to validate our analysis. We
employ a convolutional encoder with a random bit interleaver and
consider OFDM modulation with K = 64 subcarriers and quaternary
phase-shift keying (QPSK). It is assumed that the cyclic prefix length
is longer than max(L0 , L1 , L2 ) − 1, and df is adjusted by varying
the code memory length with a fixed code rate of 1/2. We also present
uncoded systems with binary phase-shift keying to make a fair comparison with coded QPSK systems. To evaluate the system performance,
we adopt the beamforming technique in [5], which shows local optimal
performance.
In Fig. 2, we exhibit the average frame error rate (FER) performance
for the systems with (L0 , L1 , L2 ) = (2, 2, 2). It is observed that
coded systems show additional diversity gains compared with uncoded
systems. From the result in Theorem 1, the diversity order for (1 ×

Fig. 3. Average FER performance as a function of P0 for the (2 × 1 × 1)
systems.

1 × 1) and (2 × 1 × 1) systems is D = r0,df + min(r1,df , r2,df )
and 2r0,df + min(2r1,df , r2,df ), respectively, and it is shown that
the analytical results are well matched with the simulated curves.
Moreover, since df,min = max(L0 , L2 ) = 2, the systems with df = 3
obtain full diversity order, and the systems with df = 5 only provide
an additional array gain.
Fig. 3 shows the average FER performance for (2 × 1 × 1) systems.
Here, df,min for the cases of (L0 , L1 , L2 ) = (1, 4, 2) and (1, 2, 4) are
equal to L2 . Thus, when (L0 , L1 , L2 ) = (1, 4, 2), the diversity orders
for the systems with df = 3 and 5 are the same as 4. On the other
hand, for the case of (L0 , L1 , L2 ) = (1, 2, 4), only the systems with
df = 5 exhibit full diversity order Dmax = 6, whereas the systems
with df = 3 experience the diversity order of 5.
In Fig. 4, we demonstrate the average FER performance for (1 ×
1 × 2) and (1 × 2 × 2) systems with (L0 , L1 , L2 ) = (1, 4, 1). Since
the number of relay antennas is irrelevant to df,min , as shown in Table I,
we can see that df,min for both systems is equal to 2. From simulation
results, we confirm that our analysis matches well with the simulation
results.

V. C ONCLUSION
In this paper, we have investigated the diversity oder of coded
beamforming in MIMO-OFDM AF relaying systems with a direct link.
To overcome difficulty in finding the diversity order of the systems
with the optimal beamforming solution, we have derived the diversity
order by showing that an upper bound of the diversity order is equal
to an achievable diversity order. Moreover, we have provided helpful
insights for the minimum Hamming distance of the code to obtain
full diversity order. The analytical result is verified with numerical
simulations.
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d

Δ

f
H
Let us denote Ŵl,df = k=1
wl,bk wl,b
whose rank is rl,df and
k
H
its EVD as Ŵl,df = Ûl,df Φ̂l,df Ûl,df , where Ûl,df is a unitary

matrix, and Φ̂l,df is a diagonal matrix with nonzero entries φ̂1l,df ,
rl,d

(i,j)

(i,j)

T
. . . , φ̂l,dff . Then, by defining ÛH
l,df hl,i,j = [ĥl,1 , . . . , ĥl,Ll ] , an

upper bound of

d f

k=1

λ̂[k] can be derived as
df


λ̂[k] ≤ Ûdf

(14)

k=1

ND NS r0,df

Δ

where Ûdf =

i=1

(

(i,j) 2

|ĥ0,m | φ̂m
0,df +

m=1

i=1

NR r2,df
m=1

i=1

(i,j) 2

|ĥ2,m | φ̂m
2,df ). Finally, from (13) and (14), we obtain an upper bound
Δ

of μ as μ ≤ μub = min(Ũdf , Ûdf ).
We define Gamma distributed variables as X ∼ G(α, β) with parameters α and β. Then, since the unitary matrices Ũl,df and Ûl,df do
(i,j) 2

(i,j)

not change the statistical property of hl,n , we have φ̃m
l,df |h̃l,m | ∼
(i,j) 2

Fig. 4. Average FER performance as a function of P0 with (L0 , L1 , L2 ) =
(1, 4, 1).

A PPENDIX
We first derive an upper bound of the diversity order. Plugging the
bound in (8) into (5), the conditional PEP is lower bounded as

⎛

˙ exp ⎝−ρ
P (c → c̄|Hl,k , ∀l, k)≥

⎛
˙ exp ⎝−ρ
≥

⎛

K


⎞

min(λ̃k , λ̂k )⎠

k,df
df


⎞





min λ̃[k] , λ̂[k] ⎠

k=1

⎛

˙ exp⎝−ρ min⎝
≥

df


λ̃[k] ,

k=1

df


m
m
G(1, 1/φ̃m
l,df ) and φ̂l,df |ĥl,m | ∼ G(1, 1/φ̂l,df ). Thus, Ũdf and Ûdf
are equivalent to the sum of NS (ND r0,df + NR r1,df ) and
ND (NS r0,df + NR r2,df ) independent Gamma random variables, respectively. Moreover, it is well known that the moment-generating
function of a sum of K independent Gamma random
variables U =
 ∞ −sx
K
X
with
X
∼
G(α
,
β
)
is
L
(s)
=
e
fU (x)dx =
i
i
i
i
U
i=1
0

K

(1 + s/βi )−αi .
Note that for a small δ (i.e., δ → 0+ ), the probability distribution
Δ
function (pdf) of W = min(X1 , X2 ) is equal to fW (δ) = fX1 (δ) +
fX2 (δ), where fXk (·) indicates the pdf of Xk [11]. Therefore, substituting μub into the conditional PEP in (12), we get a lower bound of
the average PEP as
i=1

P (c → c̄)

∞

⎞⎞

e−ρx fμub (x)dx

˙
≥

λ̂[k] ⎠⎠ (12)

0

∞

k=1

∞
e−ρx fŨd (x)dx +

=
where ρ = P0 d2min /8, x[i] is the ith smallest component of {x1 , . . . ,
K
xK }, the second inequality follows from [11, Lemma 1], i.e., k,d

 df

f

min(xk , yk ) ≤ k=1 min(x[k] , y[k] ), and the last inequality is due to
the fact that a sum of the minimum is always less than the minimum
of the sum.
d f
d f
Δ
λ̃[k] , k=1
λ̂[k] ). We denote ak
Let us define μ as μ = min( k=1
and bk as the indexes that satisfy λ̃[k] = λ0,ak + λ1,ak and λ̂[k] =

 df
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H
λ0,bk + λ2,bk , respectively. Here,
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df
Δ
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ND H
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wl,ak×
j=1 0,i,j
H
wl,ak whose rank is rl,df = min(Ll , df ). Let us introduce the EVD
of W̃l,df as W̃l,df = Ũl,df Φ̃l,df ŨH
l,df , where Ũl,df and Φ̃l,df re-







present a unitary matrix and a diagonal matrix with nonzero entries
d f
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λ0,ak
φ̃1l,df , . . . , φ̃l,dff , respectively. Then, an upper bound of k=1
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df
an upper bound of k=1 λ1,ak . Then, it follows that
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where
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where φmax is the maximum of all nonzero eigenvalues, and Dub =
r0,df NS ND + NR min(r1,df NS , r2,df ND ). Thus, an upper bound
of diversity order is established.
We now derive a lower bound of the diversity order. Substituting the
bound in (9) into (5), an upper bound of the conditional PEP is
P (c → c̄|Hl,k , ∀l, k)
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df
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Δ

where τ = P0 d2min /32, and the last inequality follows from [11,
K
d f
Lemma 1], i.e.,
min(xk , yk ) ≥ k=1
min(x[df −k+1] , y[k] ).
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d f

f

Note that all possible values for

df −i
k=1

λ̄[k] +

i

k=1

min(λ̄[df −k+1] , λ̂[k] ) are

 df
×
df −i k=1

for i = 0, 1, . . . , df . Thus,
λ̂
k=1 [k]
Δ

min(λ̄[df −k+1] , λ̂[k] ) ≥ ν, where ν = mini=0,...,df(

i

k=1

λ̄[k] +

λ̂ ).
k=1 [k]

df −i
λ̄[k] . Let us define
dfk=1
df −i
−i
Δ
λ̄[k] ≥ (1/N ) k=1
N = max(NS , NR , ND ). Then, we have k=1


N
N
S
D
H
H
H
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H
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whose rank is rl,n = min(Ll , n). By introducing the EVD of
W̄l,n as W̄l,n = Ūl,n Φ̄l,n ŪH
l,n , where Ūl,n and Φ̄l,n indicate a
unitary matrix and a diagonal matrix with nonzero entries φ̄1l,n , . . . ,
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ini the derivation of (14), we can get a lower bound of
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λ̂ ≥ (1/N )Ûi . Therefore, ν is lower bounded
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as ν ≥ νlb = mini=0,...,df νi , where νi = (1/N )(Ūdf −i + Ûi ).
Plugging νlb into the conditional PEP in (15), an upper bound of the
average PEP becomes

∞
˙
P (c → c̄)≤

e

fνlb (x)dx =

i=0

0



df 


∞

−τ x

τ φmin
N

−Dlb

e−τ x fνi (x)dx
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Δ

where φmin is the minimum of all nonzero eigenvalues, and Dlb =
Δ
mini=0,...,df Dlb,i with Dlb,i = r0,df −i NS ND + r1,df −i NS NR +
r0,i NS ND + r2,i NR ND . Here, it can be readily shown that Dlb,i ≥
min(Dlb,0 , Dlb,df ) for i = 1, . . . , df − 1. Thus, it follows that Dlb =
min(Dlb,0 , Dlb,df ) = r0,df NS ND + NR min(r1,df NS , r2,df ND ),

which is equal to Dub , and the proof is completed.
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Abstract—A geometry-based propagation model is proposed for wideband polarized body area network (BAN) channels. Reflection coefficient functions (Γ-functions) are derived as a function of geometry-based
channel modeling parameters for more precise modeling of polarized
BAN channels than existing polarized channel models, which exclude
the reflection coefficients or use constant-valued reflection coefficients.
Conservation-of-polarization (CoP) propagation planes along with geometrical Γ-functions, which we call the CoP-Γ plane methodology, are
used to derive the channel polarization functions. Statistical characteristics
of polarized BAN channels such as the cross-polarization discrimination
(XPD) and time–frequency correlation function (TF-CF) are provided
based on this new CoP-Γ plane methodology. The model is validated
with measurement data taken at 13 GHz and shown to be in excellent
agreement.
Index Terms—Body area networks (BANs), channel modeling, reflection
coefficient.

I. I NTRODUCTION
Empirical studies for body-area-network (BAN) channels have been
reported in the literature, including [1]–[4]. A path-loss model and
other properties of the body-diffracted component have been studied in
[5]–[9]. Few studies have considered depolarization in BAN channels
[8], [10].
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