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Performance of Passive UHF RFID in Cascaded
Correlated Generalized Rician Fading

Yan Gao, Yunfei ChenSenior Member, |EEE, Abdelmoula BekkaliMember, |EEE

Abstract—Ultra high frequency radio frequency identification channels and multiple antennas at the reader. In the seminal
(UHF RFID) systems can use passive tags to reflect the signalpaper [6], the authors provided a detailed analysis of the
from the readers transmitting antenna back to the readers yaiaction probability for a cascaded Rician fading channel

receiving antenna for information delivery. This gives a cascad# : . . .
channel that is a product of two fading components. In this work, Based on the derived detection probability, the maximum

the probability of detection, defined as the probability that the ~distance, similar to that in [5], was calculated.

received power is above the receiver sensitivity, is derived whe The aforementioned works have considered either Rician,

the two fading components suffer from correlated generalized Nakagamim or Rayleigh channels. However, it is well known

Rician fading. This includes the Rayleigh, Rician and Nakagami- 4t the generalized Rician model includes all these cHanne

m channels in the literature as special cases. Numerical results - .

are presented to show the effects of link distances, receiver as ;pemal 9"’_‘563 gnd therefore, can describe more smiall-sca

sensitivities and channel parameters on the detection probability fading conditions in the RFID system. Also, these works have
assumed either totally correlated forward and reverses lfok

Index Terms—Correlation, detection probability, generalized t_he monosjtati(? structure or independ_ent forward and revers
Rician, radio frequency identification. links for bistatic structure. However, in some cases, such a
collocated backscatter, the transmitting antenna andviege
antennas of the reader may be close such that the forward and
reverse links may only be partially correlated.

Ultra high frequency radio frequency identification (UHF Motivated by these observations, in this letter, the perfor
RFID) systems have been widely used in various applicationfiance of passive UHF RFID system is analyzed in a cascaded
In these applications, passive tags provide a viable smiutichannel with correlated generalized Rician fading. Clesed
by receiving power from the reader for battery-less operati form expressions for the detection probability are derived
To enable such operation, two links are usually involvetNumerical results are presented to show the effects of link

the forward link from the reader to the tag that powers Ugistances, receiver sensitivities and channel parametetse
the passive tag and the reverse link from the tag to titection probability.

reader that delivers information. In this case, the passige
does not generate its own signal for information delivery. Il. SYSTEM MODEL
Instead, it simply reflects the signal from the reader wittiextd
modulation. This leads to a cascaded channel.

Previous works on performance analysis of UHF RFI
systems include the following. In [1], the effects of vasou O,r = pLOmGTGﬁL(df)|hf|2 Q)
channel impairments, including Rayleigh or Rician fadiog,
the link budget of the RFID system were discussed. Refere
[2] examined the coverage probability for fast and slowfigdi

channels using the Rician and log-normal models. The eff ¥ ; :
of material was also discussed. Reference [3] considered th” and Gy, are the antenna gains of the tag and the reader in

use of multiple RF tag antennas to achieve pinhole divdpe forward link, respectivelyl.(dy) is the path lossyy is the

sity. Numerical examples were obtained using Monte Car, jstance in the forward link, and, is the fading coefficient
simulation. In [4], the reverse link interrogation rangetioé in the forward link. Details about the derivation of (1) ansl i

reader was analyzed as the distance at which a predetermitlfé‘t:iVant parameters can be found in [6] and are not discussed

threshold for the received signal-to-noise ratio at thedeea re to save space.

can be achieved. Cascaded Nakagamfading channels for U{aontth?hrecepgon gfh(l), a l_)ach;scatter s'tgtT]al IS sdent f rotrrr:
monostatic and bistatic structures were considered. In | € tag 1o the reader. The received power at thé reader in the

the outage performance of the RFID system with correlatd/€s€ link can therefore be written as [6, eq. (12)]
forward and reverse links was obtained, assuming Rayleigip, , = THTPLOtw|GT|2GfRG1}){L(df)L(dv)‘F|2|hf|2|h1;‘2

I. INTRODUCTION

Consider the same system as that in [6]. The received power
B\t the tag in the forward link can be given as [6, eq. (1)]

gere pL is the polarization loss incurred by the mismatch
etween the polarization of the reader’s transmitting ramse
d the tag's antennd),, is the reader transmission power,
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the distance in the reverse link,is the differential reflection where -~ = St

—>=2T_—  and =
. . . . : O+ GrGLL(d
coefficient of the tag, and, is the fading coefficient in theng 55 P rCGpLd)
(

reverse link. One sees from (2) that the received power at therurpLOw|Gr|[2G G L(ds)L(dy)IT)2 " Then, using (4) in
reader is determined by the cascaded channel|gaif|h,|2. (), the detection probability can be calculated as
To detect the tag successfully, the received power of the o oo
Pp :/ ) f|hf|7\hv|(.r,y)dydx_ ©)
Y1 Y2/

tag in (1) must be larger than the tag sensitivity and the
calculate (6), we simplify (4) first. Using [8, eq. (8.41&)

received power of the reader in (2) must be larger than tt}g
reader sensitivitySr. Thus, the probability of detection Canexpand the Bessel functions in (4) and using [8, eq. (6.613.2
to solve the resulting integral, one has

be defined as

PD = PT{O,«,T > ST>OT,R > SR} (3) 67W2
) ) o flh/f|7|}L'u|(‘r)y) = W1 \2g2 202 771—19292
In this work, the fading coefficient$h;| and |h,| are (AFoFATod) = Q305
assumed to be correlated generalized Rician random vesiabl oo o (%)m—lﬂi(oQWTAQU)m—1+2j$2m—1+2iy2m—1+2j
with joint probability density function (PDF) given by [7] ZZ s v —
oW i=04=0 0 (m + )T (m + j)e™™ >
= . N\ w2 2
Pt = G ooy ™ g L(m +i 4 5)e=T M_gm/aritg),(m-1/2(7) W)
2252 2 9 5 WI‘(m)Um/2+i+j '
© a1 —( Lt - . .
/ it 2 e ¥ v L QW) ™e 97 whereT'(-) is the Gamma function [8, eq. (8.310.1}}, =
0 A?U? A2 Y . .
s AV, WY 1+ 507 + 2002 andj\/jf.,.() is the Wh|ttak.er function [8, eq.
Im71(T)y e 2% Imfl(T)dta (9.220.2)]. Using (7) in (6), the calculation of the detenti
I v probability boils down to the calculation of the double ozl
x>0,y >0 (4) ) )
— 2m—142i, 2m—1+425 , 203 202
where W2 = S (m2, + m2,) represents the power of v = /V1 /72/%”3 Ty e T dyda.  (8)

the line-of-sight (LOS) component in the channely and ) L

my are the in-phase and quadrature parts of ke LOS, YSINg [8, €q. (3.381.3)] and [8, eq. (8.352.2)], this gives

respectively,ofc and o2 represent the average fading powers = m+i—1 T(m + j)(202)m+i /oo
~

3
. . . . V= tm+i_k_1 29?. 202t dt.
in the forward and reverse links, respectively,is the shape 1202 A2)F e

parameter of generalized Riciad,,_i(-) is the (m — 1)- k=0 i )

th order modified Bessel function of the first kind [8, eq.. . . .

(8.406.1))], Q? _ a}(l B )\?)/2’ 02 = 02(1 - A2)/2, A g:er:filg/a l;sslng the above results, the probability of datecis

and )\, determine the correlation coefficient betweén| and v , ‘

|hol @Sp = AsA, with 0 < |As] <1 and0 < |\,| < 1. o Wi o o mii-l 10
One can verify that, whem = 1, (4) becomes the joint PDF b= Wm()\20.2>\20—2)m;19292 ZZ Z (10)

.. . o o fof v fo% i=0 j=0 k=0

of two Rician random variables, and when= 1 andW = 0, N N _ _ -

it becomes the joint PDF of two Rayleigh random variables. (ﬁ{)mflﬂl(%{)m*lﬁj (202)" T (m 4 i + j)

Fl_thher, whenlV = 0, using [9, eq. (9.6.7)_], it becomes the G (m + )4k (202 /42)FT (m) U™/ 2 it

joint PDF of two Nakagamin random variables. Thus, the s oo .2

generalized Rician model can describe more RFID channel  ,, nH(K)/ gmebiok—1, " 37 ki g

conditions. Also, if one integrates (4) overor y, the marginal —(B+iti), "5\ 22

PDF of a generalized Rician random variable can be obtaingfle sees that (10) has a computational complexity similar to
for [hs[ and|h,|, where their Rician K factors can be deriveq; ¢ in [6] with two infinite series

23)2 2312 o H )
as WAy and W=, respectively, using [10, eq. (13)]. Two special cases can be discussed to further simplify (10).

v
It is important to note that; # 0 and A, # 0 in (4), Fjrst, if 4, ~ 0 for reverse link limited (RLL) systems, using
as discussed in [7] and [10]. This means that the cases[@’lc eq. (3.471.9)], one has

independent links is not a special case of (4), that is, one , ,
cannot set\; = \, = 0 in (4) to obtain the joint PDF of ~ e Wi > & ! 1
two independent generalized Rician links. Thus, (4) cary onl b= Wm(A\202)202) 10202 ZZ Z (11)
describe the general correlation case. Next, the probaloii o f fro 4 ! :
detection is derived. ({gfz{)m_lw’(%)m””] (202)" T (m + i + §)
ilFIT (m + 0)2K!1(292 /72)FT (m)Um/2+i+i
2 9 .
I1l. DERIVATION M_ (s 111y 0 (WT)((J;*W)mJFHKmH%(QVé )
Using (1) and (2) in (3), one has ! 7
where K, (+) is then-th order modified Bessel function of the
Pp = Pr{lh¢| > 71, |hs|lho| > 72} (5) second kind [8, eq. (8.407.1)]. Secondyif ~ 0 for forward

m

v i=0 j=0 k=0
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link limited (FLL) systems, using [8, eq. (3.461.3)] and {&}. 1 ——
(3.381.3)], one has al ]
r S Sreiey |
D~ — m_i_l_i_] 0.85
Wm(A2a2)202) "2 202 2 = I
grAs 71+2]'C ;A —142j g 21_+J'_ 2\m+j ) SELOE S
()™ (G )™ (20 (20) ™ o ot
i3I0 (m + 4)4T (m) U™/ 2+iti orp
,72 2 L +SR =-75dBm, ST =-15dBm
F(m—i—i,ﬁ)M_(W,/2+¢+j)7(W,_1)/2(7). (12) | +SR:-7OdBm, ST:-15dBm
f o 4+ S,=-75dBm,S_=-10dBm
The results in (11) and (12) are approximations but are osr
closed-form expressions. It can be verified that the results 05— : . - : P
for Rician channels can be obtained by setting= 1 in d, (m)

(10) - (12). Also, the results for Nakagami-channels can be

obtained by settingV = 0 in (10) - (12). For example, by Fig. 1. Py, vs. d; for different sensitivities when the forward and reverse
settingW = 0 in (10), the result for Nakagami» channels in links are correlated generalized Rician channels with 0.8.

the general case is

oo oo mtj—1

1 a1
Pp = ey DD DN DR )
()\?CT]%)\%J%) p Q?Q% =0 =0 k=0 ool +
(Gt )= 120 (Gede ym =125 (902)ymHIT (1 - + j)
f v
15T 1)4k!(202 /42)kT m+itj ospd, =3m, Sp =-75dBm,
iGIT (m + 7)4kN( w2v/'72) (m)U 00757ST:-15dBRm,>\:0.8
gkt H "
2 orr ——w?=1,m=1
i sl | TW2=2,m=1 y
where [8, eqg. (9.210.1)] and [8, eq. (9.220.2)] can be used ' —W2=3 m=1
to expand the Whittaker function. Equation (13) is derived I | ewl=am=1
from (10) by usingl” = 0 only and does not use any other 055t
assumptions, includingy; ~ 0 or o ~ 0. For Rayleigh 05— : : : : R
channels, the results can be obtained by setting= 0 and d, (m)

m =1 in (10) - (12).
Fig. 2. Pp vs.dy for different W2 when the forward and reverse links are
IV. NUMERICAL RESULTS ANDDISCUSSION correlated Rician channels with = 0.8.

In this section, following [6], we se€ir = 0 dBi, Oy =
+33dBm, G, = G% = 49 dBi, 7 = 0.5, p, = 0.5, pp = 1,
I' = 0.1, the operating frequency 865.7 MHz; = 0, = 1. impact on the detection probability. For example, whHét
The infinite series is truncated to 20 terms. changes from 1 to 4 atly = 12 m, Pp increases from

Fig. 1 shows the detection probability under different sei®-6 to 0.92, almost 50% increase. Fig. 3 shows the detection
sitivities for the correlated generalized Rician linksrsiliy, probability vs.d; for different Nakagamim parameters in
from Fig. 1, the detection probability always decreasesnwheorrelated Nakagami» links whenW? = 0. From this figure,
the distancel; increases, as expected, as larger distances lea sees that the Nakagami parameter has a significant
to larger path loss such that the received power is smallerpact on the detection performance too. &t= 12 m, the
for detection. Secondly, from Fig. 1, the detection proligbi detection probability increases from 0.45 to nearly 1, wien
decreases when the tag or reader sensitivities decrease. Ha parameter increases from 1 to 4, giving an increase of more
ever, Pp is more sensitive to the tag sensitivity than the readéran 100%. Thus, the detection performance is more semsitiv
sensitivity in the case considered, as the tag needs to treflecthe parametem than to the parametdi/?.
the signal back to the reader. It can also be shown that in thisFig. 4 compares the detection probability for differentrcha
case the detection probability changes little when theadist nel models included in the generalized Rician model when the
d, changes. This implies that the system is FLL, given thferward and reverse links are correlated. As can be seen, the
settings used in this case, as the detection probabilityuishm Rayleigh fading channel has the smallest detection préhabi
more sensitive t@; than tod,,.. To save space, the relationshipvhile the generalized Rician fading channel has the largest
betweenPp andd, is not presented here. detection probability, as expected, as the Rayleigh faditige

Fig. 2 shows the detection probability ws; for different worst channel condition while the generalized Rician fgdin
W? in correlated Rician links whem» = 1. In this case, is the best channel condition, among the cases considered.
the Rician K factor isW?2\? and is determined byV? for Fig. 5 showsPp vs. d; for different A. In this case,
fixed X\. One sees that the value &2 has a significant Af = XA = A = 0.2,04,0.6,0.8 such thatp = A2 =
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0.55 -

| S;=-15 dBm, A =0.8

dVZSm,SR:JSd

——W?=0,m=1
——W2=0,m=2
——W?=0,m=3
——w?=0,m=4

Fig. 3. Pp vs. dy for different Nakagamin parameters when the forward
and reverse links are correlated Nakagamichannels with\ = 0.8.

d, (m)

12

0.7

0.55 -

+sz = Ws =0, m =1, Rayleigh

+Wf2 = WS =0, m = 2, Nakagami

——W?=W?=1,m =1, Rician

+sz = W\Zl =1, m = 2, generalized Rician

IR

Fig. 4. The detection probability vel; for different channel models when

d, (m)

10

the forward and reverse links are correlated with= 0.8.

1

12

0.85 -

0.8

0.65 -

d,=3mWw?=1,m=2,
Sy =-75dBm, S_=-15 dBm

—+—X=0.8
—=X=0.6
——A=04
—*=X=02

d; (m)

10

11

12

0.04,0.16,0.36, 0.64, respectively. One sees thay, increases
when )\ increases. Reference [12] reported that the per-
formance improves when the link correlation decreases for
Rayleigh links. This can be explained as follows. The value
of \ determines the correlation coefficient as- A2, but also
determines the Rician K factor in generalized Rician chine
asW?2\? from [10, eq. (13)]. From [12]Pp should decrease
when )\ increases, ag increases. However, for generalized Ri-
cian fading, the performance also improves wheincreases,

as a largen gives a larger Rician K factdi’2)\? and therefore
better channel conditions in the individual links. The aler
effect of A\ depends on whethePp is more sensitive tg or

the Rician K factor. It can be shown that in the setting of
Fig. 5 the detection probability is more sensitive to thei&ic

K factor. Consequently, the Rician K factor dominates such
that Pp increases wher increases. On the other hand, for
Rayleigh links, A only affects the correlation coefficient and
hence the performance degrades whencreases, as in [12].

V. CONCLUSION

Analytical results on the detection probability of the UHF
RFID system have been derived for cascaded correlated-gener
alized Rician channels. Numerical examples have shown that
the detection probability is quite sensitive to the forwnd
distance, the channel conditions and the tag sensitivity.
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