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Abstract— A radio frequency identification (RFID) system
consists of a set of readers and several objects, equipped with
small computer chips, called tags. In a dense RFID system,
where several readers are placed together to improve the read
rate and correctness, readers and tags can frequently experience
packet collision. A common approach to avoid collision is to use
a distinct frequency channel for interrogation for each reader.
Various multi-channel anti-collision protocols have been proposed
for RFID readers. However, due to their heuristic nature,
most algorithms may not fully utilize the achievable system
performance. In this paper, we develop an optimization-based
distributed randomized multi-channel interrogation algorithm,
called FDFA, for large-scale RFID systems. For this purpose,
we develop elaborate models for reader-to-tag and reader-to-
reader collision problems. FDFA algorithm is guaranteed to find
a local optimum of a max-min fair resource allocation problem
to balance the processing load among readers. Simulation results
show that FDFA has a significantly better performance than the
existing heuristic algorithms in terms of the number of successful
interrogations. It also better utilizes the frequency spectrum.

I. INTRODUCTION

Radio frequency identification (RFID) is an emerging wire-
less technology which allows objects to be identified automati-
cally. An RFID tag is a small and inexpensive electronic device
designed for wireless data transmission. Each tag has a unique
ID. It transmits data over the air in response to interrogation
signals by an RFID reader. Multiple readers can connect to a
back-end system to transfer data for processing or storage [1].

In an RFID system with one reader and several tags, since
the reader and the tags share the same wireless channel, tag-
to-tag collision can occur when multiple tags transmit signals
simultaneously to the same reader. This prevents the reader
from recognizing any tag. Various tag anti-collision protocols
are proposed in [2], [3]. An Aloha-based tag anti-collision
scheme has also been standardized by EPCglobal in [4] where
the reader begins each interrogation round by informing all the
tags about the frame size. Each tag then chooses a time slot
at random and transmits only within that time slot.

In several RFID applications (e.g., for inventory checking in
a large-scale warehouse), it is necessary to deploy several read-
ers to achieve complete interrogation coverage. In this case,
apart from tag collision, reader-to-tag and reader-to-reader
collisions may also occur. Reader-to-tag collision occurs when
a tag receives signals of comparable strengths from more than
one reader simultaneously. This can cause the tag to respond
arbitrarily to the readers, leading to incorrect interrogation.
Reader-to-reader collision occurs when a reader, which is in
the midst of listening to a tag’s reply, receives stronger signals

from one or more neighboring readers operating at the same
frequency simultaneously. This interference can prevent the
reader’s receiver from decoding the tag’s reply successfully.

In a stationary RFID system with synchronized readers and
a centralized controller, reader-to-tag and reader-to-reader col-
lisions can be prevented by using a combination of frequency
and time division multiple access (FDMA and TDMA) [5].
However, in many practical large-scale RFID systems, central-
ized coordination and synchronization are difficult to achieve.
Therefore, it is of interest to design distributed randomized
interrogation schemes such that each reader randomly selects
the start time of its interrogation rounds and its operating
channel to reduce the probabilities of reader-to-tag and reader-
to-reader collisions. Related algorithms include naive, random,
and carrier sensing protocols [6], the distributed interference
avoidance (DIA) algorithm with detect and abort [7], and
the slotted listen-before-talk (S-LBT) scheme [8]. However,
given the heuristic nature of all of these algorithms, some
may not be able to fully utilize the potential capacity of RFID
systems. This motivates us to study the multi-channel random
access problem in RFID systems within an optimization-based
theoretical framework. Our contributions are as follows:

• We formulate an optimization-based multi-channel ran-
domized interrogation problem for large-scale RFID
systems. Our objective is to achieve max-min fairness
among readers by taking into account reader-to-reader
and reader-to-tag interference. Max-min fairness balances
the performance and processing load among readers.

• We propose a distributed algorithm to solve the max-min
fair optimization problem. Our algorithm, referred to as
FDFA, works based on the iterative coordinate ascent
mechanism and is guaranteed to reach a local optimal
solution of the optimization problem.

• Simulation results show that the FDFA algorithm has a
significantly better performance compared to the previ-
ously proposed heuristic reader anti-collision algorithms
in terms of the number of correct interrogations and
fairness among readers. It better utilizes the frequency
spectrum. It also converges asynchronously and fast. The
max-min fairness objectives at the obtained local optima
are very close to the globally optimal values.

The rest of this paper is organized as follows. The sys-
tem model is described in Section II. Our proposed FDFA
algorithm is presented in Section III. Simulation results are
presented in Section IV. Conclusions are given in Section V.
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Fig. 2. Reader-to-reader collision in an RFID system.

II. SYSTEM MODEL

A. Reader Collision Problem

Let R, with size R= |R|, denote the set of all readers. For
each r ∈ R, let dR

r denote the read range (or interrogation
range) of reader r. Reader r can collect information only
from those tags which are located within its read range. Let
dI

r denote the interference range of reader r. Reader r’s
transmission can interfere the interrogation process of other
readers on any tag within its interference range. Two types of
reader-to-tag collisions can be distinguished. The first type is
shown in Fig. 1(a), where tag u is within the read range of
reader r and the interference range of reader n (but not within
the read range of reader n). If both readers use the same
channel and transmit simultaneously, tag u cannot correctly
decode the message from its reader, i.e., reader r. Let Ir

denote the set of readers with their interference area (but not
their read area) overlapping the read area of reader r. We have

Ir = {n : dR
r + dR

n < drn < dR
r + dI

n, n ∈ R}, (1)

where drn denotes the Euclidean distance between r and n.
The first type of reader-to-tag collision can be avoided if
readers r and n operate at different frequencies or times [5].

The second type of reader-to-tag collision is shown in
Fig. 1(b), where tag u is within the read range of both readers r
and n. In RFID systems, tags have low functionality and do not
have frequency selectivity [4]. Even if readers r and n operate
at different channels, tag u cannot decode the interrogation
message correctly when both readers transmit simultaneously.
Let Sr denote the set of readers which have shared (i.e.,
overlapped) read area with reader r. We have

Sr = {n : drn < dR
r + dR

n , n ∈ R}. (2)

The second type of reader-to-tag collision can be avoided
by having neighboring readers operate at different time slots.
Notice that having neighboring readers operate at different
frequencies cannot avoid this type of collision. Also notice
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Fig. 3. An interrogation interval, with length Tr time units, for reader r.

that since dI
n ≥ dR

n for all n∈R, we have

Ir ∩ Sr = {}, ∀r ∈ R. (3)

Furthermore, reader-to-reader collision occurs when reader
n transmits while reader r is receiving a message from tag
u (see Fig. 2). Let Vr denote the set of readers which have
reader r within their interference range. That is,

Vr = {n : drn < dI
n, n ∈ R}. (4)

Reader-to-reader collision can be avoided if readers operate at
different frequencies or time slots [5].

B. RFID Multi-Channel Medium Access Control

Let C, with size C = |C|, denote the set of available orthogo-
nal frequency channels. For multi-channel random access, we
assume that the RFID medium access control (MAC) layer
complies with the EPCglobal Class-1 Generation-2 (C1G2)
standard [9]. Each reader r∈R attempts to perform the inter-
rogation process every Tr time units. At the beginning of each
interrogation interval (see Fig. 3), reader r randomly chooses
to start an interrogation process over frequency channel c∈C
with interrogation probability pr,c ∈ [0, 1]. We have

∑
c∈C pr,c ≤ 1, ∀ r ∈ R. (5)

In our model, the proposed randomized multi-channel inter-
rogation algorithm (see Section III) controls reader-to-reader
and reader-to-tag collisions, while C1G2 MAC is used to avoid
tag-to-tag collision. According to C1G2 MAC [9], if reader
r decides to start an interrogation round, it initiates its 1st
interrogation frame by broadcasting a Query message, which
includes the number of time slots within the frame. The rest
of the frame is then divided into several small time slots, each
starting with a QueryRep message to coordinate the timing
of sending the reply messages by the tags. Each tag randomly
chooses to send its reply back to reader r at one of the available
time slots. By the end of the 1st frame, reader r receives the
replies from a subset of the existing tags. Based on that, it
estimates the number of tags inside its read area, denoted by
Nr, e.g., using the technique in [2]. Given the estimate of Nr,
reader r continues initiating more interrogation frames (i.e.,
2nd frame, etc) until it can assure, with a certain statistical
confidence, that it has obtained the information from all the
tags inside its read area. We denote the duration of each
interrogation process by τr(Nr) as shown in Fig. 3.

In practice, we can assume that the interrogation interval
is the same for all readers: Tr = T for all r ∈ R where
T > 0. However, the interrogation intervals of different readers
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may not be synchronized. Therefore, the interrogation process
for different readers may not start at the same time. We
can assume that for each pair of readers r, n ∈ R, there
exists a time difference Δr,n, called the asynchronism factor,
between the interrogation intervals of readers r and n. The
asynchronism factor Δr,n is shown in Fig. 4. Clearly,

−T < Δr,n < T, ∀ r, n ∈ R. (6)

Note that Δr,n = −Δn,r. In general, depending on the RFID
application, reader r may not always be able to estimate Δr,n.
In this paper, unless stated otherwise, we consider the general
case, where the asynchronism factors are not known.

In Fig. 4, reader r randomly decides to start an interrogation
on one of the channels every T time units. If the interrogation
intervals of readers r and n have time overlapping, as in
Fig. 4(a), then a reader-to-tag collision (type 1 or type 2)
occurs for n ∈ Ir or n ∈ Sr, respectively. Reader-to-reader
collision can occur if n∈Vr. If interrogation intervals have no
overlapping, as in Fig. 4(b), reader collisions will not occur.

Let p = (pr,c, ∀ r ∈ R, c ∈ C) denote the interrogation
probability vector. Let P succ

r (p) denote the probability of
completing a successful interrogation interval by reader r ∈
R. That is, the probability that reader r starts an interrogation
interval without experiencing either reader-to-reader or reader-
to-tag collisions. We can show the following key result.

Theorem 1: Assume that the interrogation interval T is
selected large enough to be at least twice as large as the length
of any interrogation process among readers. That is, let

max
r∈R

τr(Nr) ≤ T/2. (7)

In that case, for each reader r ∈ R, we have

P succ
r (p) =

(∏
n∈Sr

(
1 − γr,n

∑
e∈C pn,e

))

×
(∑

c∈C pr,c

(∏
m∈Ir

(1 − γr,m pm,c)
))

,
(8)

where γr,n denotes the probability that the interrogation pro-
cesses of readers r and n have any time overlapping:

γr,n =
τr(Nr) + τn(Nn)

T
. (9)

If Δr,n is known (by clock synchronization of readers), then
γr,n =1 if −τn(Nn)<Δr,n <τr(Nr); and γr,n =0 otherwise.

The proof of Theorem 1 is given in Appendix A. Since
Vr ⊆ Ir ∪ Sr for each r ∈ R, if neither type 1 nor type 2
reader-to-tag collisions occur, then reader-to-reader collision
will not happen either. Thus, the set Vr does not appear in
(8). It is easy to verify that if τr(Nr) > T/2 for all r ∈ R,
then we can simply set γr,n =1 for each r∈R and any n∈Ir.

There are several ways to determine the duration of an
interrogation process. In the EPCglobal C1G2 system, we have
τr(Nr)=eNrτ

slot ≈2.72Nrτ
slot for r∈R. Here, τ slot denotes

the duration of each time slot in a C1G2 frame. On average,
we have τ slot = 850 μs [4]. Using enhanced dynamic framed
slotted Aloha [10] with known Nr, we have τr(Nr)=3Nrτ

slot.

C. Problem Formulation

Let P denote the feasible set of interrogation probabilities:

P=
{

p :
∑

c∈C pr,c ≤ 1, pr,c ∈ [0, 1],∀ r∈R, c∈C
}
. (10)

In this paper, our goal is to select p ∈ P to increase the
probability of successful interrogation for all readers to achieve
max-min fairness among readers. As a result, the processing
load is evenly distributed among all the readers. A vector
of feasible interrogation probabilities p ∈ P is defined to be
max-min fair if any success probability P succ

r cannot increase
without decreasing some P succ

n which is smaller than or equal
to P succ

r . To obtain max-min fairness, it suffices to solve the
following non-linear optimization problem [11, Lemma 3]:

maximize
p ∈ P

∑
r∈R fα (P succ

r (p)) (P1)

where
fα(P succ

r ) = −α−1(P succ
r )−α, (11)

and α > 0 is large (e.g., α ≥ 10). Function fα is called a utility
function. Next, we propose an algorithm to solve problem (P1).

III. FDFA ALGORITHM

Although the utilities in (11) are concave functions in P succ
r

for α>0, problem (P1) is not a convex optimization problem
with respect to p, due to the product forms in (8). Thus, finding
the optimal solutions of problem (P1) is not easy in general.

For each reader r∈R, we define pr = (pr,c ∀ c ∈ C). Here,
the key idea is to use the iterative coordinate ascent method
[12] to locally update the interrogation probabilities for each
reader. In this method, we fix all of the components of vector
p to some values, except for those components corresponding
to one randomly selected reader (e.g., pr for reader r). Then,
in a local optimization procedure, we maximize the objective
function of problem (P1) with respect to pr. This procedure
is repeated, leading to an iterative algorithm.

A. Local Problem

Let p−r = (pn,c,∀n∈R\{r}, c∈C) denote the vector of
interrogation probabilities of all readers other than reader r.
Consider the following local problem for reader r ∈ R:

maximize
pr� 0

fα

(
P succ

r

(
pr,p−r

))

+
∑

n:r∈Sn
fα

(
P succ

n

(
pr,p−r

))

+
∑

m:r∈Im
fα

(
P succ

m

(
pr,p−r

))

+
∑

k:r/∈Sk∪Ik
fα

(
P succ

k

(
p−r

))

subject to
(
pr,p−r

)
∈ P,

(Local-P1)



Algorithm 1 - FDFA: Executed by each reader r ∈ R.
1: Allocate memory for pr and p−r .
2: Randomly choose pr and p−r such that

(
pr, p−r

)
∈ P .

3: Set clock timer t.
4: repeat
5: if t ∈ T update

r then
6: Solve problem (Local-P1) using IPM [13].
7: Update pr according to the solution.
8: Broadcast a control message to announce pr .
9: if t ∈ T inter

r then
10: Start an interrogation interval, using C1G2 MAC,
11: over frequency channel c ∈ C, with probability pr,c.
12: if a control message is received then
13: Update p−r accordingly.
14: until reader device r stops operation.

where 
 denotes coordinate-wise inequality. Note that the
objective functions in problems (Local-P1) and (P1) are the
same. For the objective function in (Local-P1), the first term
is increasing in pr. The second and third terms are decreasing
in pr. The last term does not depend on pr as for each reader
k, such that r /∈ Sk ∪ Ik, probability P succ

k does not depend
on pr. By solving problem (Local-P1), reader r can select pr

such that the objective function in problem (P1) is maximized
assuming that p−r is fixed (i.e., none of the other readers
change their interrogation probabilities).

Theorem 2: For each reader r ∈ R, problem (Local-P1) is
a convex optimization problem.

The proof of Theorem 2 is given in Appendix B. From The-
orem 2, we can use various convex programming techniques to
solve problem (Local-P1) in each reader r ∈ R. In particular,
problem (Local-P1) can be solved using the interior-point
method (IPM) [13, Ch. 11] via local iterations if each reader
can obtain the information on the interrogation probabilities
of all readers within dI

max =maxn∈R dI
n distance away. Thus,

the iterative coordinate ascent method is applicable.

B. FDFA Algorithm

Our proposed fully distributed frequency allocation (FDFA)
algorithm for RFID systems is given in Algorithm 1. It is
executed in each reader r ∈ R. Let T inter

r be an unbounded set
of time instances at which reader r may start an interrogation
interval based on its interrogation probability vector pr. For
any two consecutive elements t1, t2 ∈ T inter

r , we have |t2 −
t1|=T . Let T update

r be an unbounded set of time instances at
which reader r updates its interrogation probability vector pr

by solving problem (Local-P1) using IPM. We assume that: (a)
The updates are asynchronous across the readers. That is, for
any r, n ∈ R such that r �= n, we have: T update

r ∩T update
n = {}.

(b) There is a global constant T update such that for any r ∈ R,
there exist t1, t2 ∈ T update

r such that |t1 − t2| ≤ T update. In
other words, all readers update their interrogation probabilities
at least once every T update time units.

C. Convergence and Optimality

In this section, we analytically investigate the convergence
and optimality features of Algorithm 1. At each time instance
t ≥ 0, let Fα(t) denote the current value of the objective
function for problem (P1). We can show the following:

Theorem 3: For any choice of system parameters and start-
ing from any initial point:
(a) Function Fα(t) is upper bounded; i.e., Fα(t) ≤ −R

α ≤ 0.
(b) Function Fα(t) is non-decreasing at time t≥T update. That
is, for each t1, t2 ≥ T update such that t1≤ t2, Fα(t1) ≤ Fα(t2).
(c) Algorithm 1 converges. That is, there exists a F ∗

α such that
F ∗

α = limt→∞ Fα(t).
The proof of Theorem 3 is given in Appendix C. Theorem

3 guarantees the convergence of Algorithm 1 for any choice
of system parameters. We can further show that:

Theorem 4: Any fixed point of Algorithm 1 is a stationary
point of problem (P1). That is, it is at least a locally optimal
solution for the non-convex optimization problem (P1).

The proof of Theorem 4 is given in Appendix D. From
Theorems 3 and 4, convergence and local optimality of Al-
gorithm 1 are guaranteed. Clearly, the obtained interrogation
probabilities may not necessarily be globally optimal. How-
ever, simulation results in Section IV show that Algorithm 1
usually results in near globally optimal performance, making
it a practical distributed frequency selection and randomized
interrogation algorithm for large-scale RFID systems.

IV. PERFORMANCE EVALUATION

In this section, we evaluate the performance of the proposed
FDFA algorithm and compare it with four other distributed
randomized interrogation schemes. In the simulation model,
the total coverage area is a large square warehouse with each
side equal to 1 km. There are 25 readers randomly deployed in
the field such that complete interrogation coverage is achieved.
Clearly, some spots can be within the interrogation areas of
multiple readers. For each reader r, the interrogation range
dR

r and the interference range dI
r are 50 m and 100 m,

respectively [14]. On average, there are 1,000 mobile tags
in the interrogation range of each reader. The interrogation
interval T is 10 sec. We also set α = 10. The average time for
a complete successful interrogation process is 3 sec, assuming
that the enhanced dynamic framed slotted Aloha [10] is being
used. We also set τ slot equal to 1 ms as in [4]. Problem (Local-
P1) is solved by using the MOSEK optimization software [15].

We start by first comparing the FDFA algorithm with DIA
[7], S-LBT [8], and random and naive algorithms [6] in terms
of the average probability of a successful interrogation among
all readers (i.e., the ratio of the successfully interrogated tags
compared to the total number of tags in the system). The
simulation time is 1,000 sec. The results when the number
of channels C varies from 1 to 15 are shown in Fig. 5.
In this figure, each point represents the average results of
simulating 20 different randomly generated topologies. We can
see that, for all algorithms, the probabilities increase as more
channels become available. However, the FDFA algorithm
always outperforms the other heuristic algorithms. Notice that
all algorithms reach some saturation levels, which are different
for all algorithms. Recall from Section II that reader-to-reader
and type 1 reader-to-tag collisions can be avoided if the
neighboring readers operate on different channels. However,
having the readers operate on different channels cannot avoid
type 2 reader-to-tag collision. Thus, if the number of channels



1 3 5 7 9 11 13 15
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

Number of Frequency Channels, C

A
ve

ra
ge

 P
ro

ba
bi

lit
y 

of
 S

uc
ce

ss
fu

l I
nt

er
ro

ga
tio

n

 

 

FDFA − with  known  AFs
FDFA − with  unknown  AFs
DIA
S−LBT
Random
Naive

Fig. 5. Comparison between the proposed FDFA algorithm and DIA [7],
S-LBT [8], and also random, and naive [6] algorithms when the number of
channels varies from 1 to 15. FDFA outperforms all other heuristic algorithms.

is high, different algorithms differ depending on their type
2 reader-to-tag collision avoidance. From Fig. 5, FDFA better
avoids type 2 reader-to-tag collisions than the other algorithms.

Next, we investigate fairness (i.e., balanced performance)
among readers. Following the same simulation model as in
[7], [8], we assume that the number of channels C is 10. The
simulation time is 1,000 sec. We compare the minimum num-
ber of successful interrogations among readers for different
algorithms. Results are shown in Fig. 6. Each curve represents
the average results of simulating 20 different randomly gener-
ated topologies. We can see that the FDFA algorithm performs
better than all the heuristic algorithms as max-min fairness is
indeed the design objective for FDFA. Using FDFA, if the
asynchronism factors (AFs) (i.e., Δr,n for all r, n ∈ R) are
unknown, the minimum number of successful interrogations
among all readers, which is measured at the end of the sim-
ulation, i.e., after 1000 time slots, is 23. We notice that since
each interrogation interval T takes 10 sec, there are in total
1000/10 = 100 interrogation attempts during the simulation
time. Since, in the worst case, 23 out of 100 attempts are
successful, the minimum probability of successful interrogation
among all readers is 0.23. This is 29%, 47%, 63%, and 121%
higher than a similar value for DIA, S-LBT, random, and
naive algorithms, respectively. If the AFs are known, then
the minimum probability of successful interrogation further
increases by 11%. Notice that by achieving max-min fairness,
the processing load becomes similar for all reader devices.

Finally, we investigate optimality. Recall that the FDFA al-
gorithm aims to maximize the objective value of the max-min
fairness problem (i.e.,

∑
r∈R fα(P succ

r (p))). We determine the
percentage difference of the optimal values obtained from the
FDFA algorithm to the global optimal value of problem (P1).
We consider 20 random topologies, each has 25 readers and
10 channels. The global optimum of problem (P1) is approxi-
mately obtained by running the FDFA algorithm 100 times,
with each time starting from a different randomly selected
initial point. The global optimal value is then selected to be the
maximum observed local optimum among all 100 simulations.
Results are shown in Fig. 7. On average, FDFA achieves 95.1%

0 200 400 600 800 1000
0

5

10

15

20

25

Time (sec)

N
um

be
r 

of
 S

uc
ce

ss
fu

l I
nt

er
ro

ga
tio

ns
 in

 th
e 

  
R

ea
de

r 
w

ith
 M

in
im

um
 S

uc
ce

ss
fu

l I
nt

er
ro

ga
tio

ns

 

 

FDFA − with  known  AFs
FDFA − with  unknown  AFs
DIA
S−LBT
Random
Naive

Fig. 6. Comparison between FDFA algorithm with the DIA [7], S-LBT [8],
and also random, and naive [6] algorithms in terms of max-min fairness.

0 5 10 15 20
60

65

70

75

80

85

90

95

100

Topology Number

N
or

m
al

iz
ed

 O
bj

ec
tiv

e 
V

al
ue

 (
%

) 
fo

r
M

ax
−

M
in

 F
ai

rn
es

s 
P

ro
bl

em

 

 

FDFA − with  unknown  AFs

Fig. 7. Optimality of FDFA algorithm in terms of maximizing the objective
value for max-min fairness problem (P1).

of the global optimal value of problem (P1). This implies near
optimal performance for the FDFA algorithm.

V. CONCLUSION

In this paper, we systematically studied the randomized
multi-channel interrogation problem for large-scale and dense
RFID systems. We first modeled the reader-to-reader collision
and reader-to-tag collisions (both types) in RFID systems.
We then derived the probability of performing a successful
interrogation by each reader, where the readers operate asyn-
chronously. The joint channel selection and randomized inter-
rogation problem was formulated as a max-min fair resource
allocation problem. We proposed a distributed algorithm,
called FDFA, to solve the optimization problem. FDFA is
guaranteed to converge to at least a local optimal solution
of the max-min fairness problem. Simulation results show
that FDFA has a significantly better performance compared to
the previously proposed heuristic multi-channel anti-collision
algorithms in terms of the number of correct interrogations and
fairness among readers. It also better utilizes the frequency
spectrum and has a fast convergence speed.



APPENDIX

A. Proof of Theorem 1

We first prove (9). Given (7), for each pair r, n ∈ R, an
interrogation cycle (which consists of all interrogation frames
within an interrogation interval) for reader n (with duration
τn(Nn)) may overlap with only one interrogation cycle of
reader r (with duration τr(Nr)). From Fig. 4, overlapping of
interrogation cycles between readers r and n occurs when

−τn(Nn) < Δr,n < τr(Nr). (12)

Since readers randomly and independently start up their op-
eration, Δr,n has a uniform distribution over −T/2 and T/2.
Thus, the probability of (12) happening is as in (9). Next, we
notice that for each reader r∈R, the probability of completing
a successful interrogation is obtained as

P succ
r (p) =

∑
c∈C pr,c P

(
ANoRR

r,c ∩ ANoRT1
r,c ∩ ANoRT2

r,c

)
, (13)

where P(ANoRR
r,c ∩ ANoRT1

r,c ∩ ANoRT2
r,c ) denotes the probability

that no reader collision occurs while reader r is performing
an interrogation on channel c. ANoRR

r,c , ANoRT1
r,c , and ANoRT2

r,c

correspond to the events where no reader-to-reader collisions,
no type 1 reader-to-tag collisions, and no type 2 reader-to-tag
collisions occur, respectively. Since Vr ⊆ Ir ∪ Sr, if reader-
to-tag collisions do not happen, then reader-to-reader collision
cannot happen either. Thus, we have

P(ANoRR
r,c ∩ ANoRT1

r,c ∩ ANoRT2
r,c ) = P(ANoRT1

r,c ∩ ANoRT2
r,c ). (14)

Since ANoRT1
r,c and ANoRT2

r,c are independent events due to (3),
we have: P(ANoRT1

r,c ∩ANoRT2
r,c ) = P(ANoRT1

r,c ) P(ANoRT2
r,c ). Finally,

for all c ∈ C, we have P(ANoRT1
r,c )=

∏
n∈Ir

(1 − γr,n pn,c) and
P(ANoRT2

r,c ) =
∏

n∈Sr

(
1 − γr,n

∑
e∈C pn,e

)
. Replacing these

probabilities in (13), we obtain (8). �

B. Proof of Theorem 2

From (8), the objective function in (Local-P1) becomes

fα

(∑
c∈C θr,c pr,c

)
+

∑
n:r∈Sn

fα

(
ϑr,n(1−γr,n

∑
c∈C pr,c)

)

+
∑

m:r∈Im
fα

(∑
c∈C ζr,m,c(1 − γr,mpr,c)

)
+ ξr,

where θr,c, ϑr,n, ζr,m,c, and ξr only depend on p−r and can
be treated as constants in problem (Local-P1). For example,
θr,c =

(∏
i∈Sr

(1 − γr,i

∑
e∈C pi,e)

) (∏
j∈Ir

(1 − γr,jpj,c)
)

.
Since fα is concave for r∈R, the objective function of prob-
lem (Local-P1) is a summation of concave-affine compositions
over pr. Thus, it is concave. Since the constraint in (Local-P1)
is linear, problem (Local-P1) is a convex problem. �

C. Proof of Theorem 3

Part (a): Since P succ
r ≤1, fα(P succ

r ) ≤ fα(1) = −1/α.
Part (b): We prove this part by contradiction. First, we

assume that Fα(t1) > Fα(t2). In that case, there exists a time
instance t ∈ [t1, t2] such that running Algorithm 1 results
in reducing the value of the objective function of problem
(P1) at time t. In other words, there exists a reader r ∈ R
such that t ∈ T update

r and Fα is reduced by executing line 6
of Algorithm 1 in reader r. However, this is impossible as
the objective function in problem (P1) is the same as that in
problem (Local-P1). Thus, we indeed have Fα(t1) ≤ Fα(t2).

Part (c): The limit in this part directly results from Parts
(a) and (b). Notice that any upper bounded non-decreasing
sequence of real numbers converges to a fixed point. �

D. Proof of Theorem 4

Let p∗ denote any fixed point of Algorithm 1. Given
p−r = p∗

−r for r ∈ R, pr = p∗
r is the optimal solution of

problem (Local-P1). Since (Local-P1) is convex, p∗ should
satisfy the Karush-Kuhn-Tucker (KKT) conditions [13, p. 244]
corresponding to (Local-P1) for all r ∈ R. By definition,
each stationary point [16, p. 194] of non-convex problem (P1)
should also satisfy all the KKT conditions for problem (P1).
Since the objective functions in problems (P1) and (Local-
P1) are the same and the set of constraints in (P1) is the
union of the set of constraints in (Local-P1) for all r ∈ R,
the KKT conditions for non-convex problem (P1) are equal
to the union of the KKT conditions for problem (Local-P1)
for all r ∈ R. Thus, since p∗ satisfies the KKT conditions of
problem (Local-P1) for all readers, it also satisfies the KKT
conditions for problem (P1). That is, each fixed point p∗ is a
local optimal solution for problem (P1). �
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