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Abstract—Localization of wireless node is a key feature in
many applications. Traditional localization has exploited the sig-
nal runtime between “agent” nodes that are to be localized and a
set of “anchor” nodes with known position. Recently, cooperative
localization that also uses runtime measurement between agent
nodes has been shown to provide superior performance. This
paper analyzes the optimum power and bandwidth allocation
in such systems. We first formulate the general optimization
problem and show that it is non-convex. We then develop an
approximate algorithm based on Taylor expansion and iterative
optimization of power and bandwidth separately to find an
approximate solution; simulations show that results are close to
the optimum solution (which is NP-hard). We also find that the
importance of cooperative localization increases (and agents get
assigned more resources) if the anchor deployment is bad in the
sense that it provides high geometric dilution of precision and/or
suffers from significant blockage between anchors and agents.

I. INTRODUCTION

Position information is the basis of numerous wireless
applications and services, such as cellular positioning, search
and rescue work, asset tracking, vehicle routing, and intrud-
er detection, etc. With the rapid development of advanced
wireless techniques, wireless network localization has attracted
widely research interest in the past decades [1], [2].

Location-aware networks generally consist of two kinds of
nodes: anchors with known positions and agents with unknown
positions (see Fig. 1). Conventional wireless localization usu-
ally refers to a process in which the agents’ positions are
determined by the measurements with respect to the anchors.
Therefore, high accuracy localization can only be achieved
by high-power anchors or high-density anchor deploymen-
t, both of which are impractical in cost- and complexity-
restricted scenarios (e.g., wireless sensor networks). A recently
suggested alternative is cooperative localization, where agent
nodes determine the range between each other and use this
information to enhance the localization, in particular in those
areas that are not covered by enough anchors [3], [4].

The goal of localization system design is to maximize the lo-
calization accuracy. In [5], [6], the fundamental limits of both
non-cooperative and cooperative wideband localization have
been derived in terms of squared position error bound (SPEB)
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Fig. 1. Cooperative wireless localization network: The agents (blue dot) are
localized by measurements from both anchors (red circle) and agents

and directional position error bound (DPEB). It was shown
that the localization accuracy is affected, inter alia, by network
topology, propagation channel conditions, signal waveforms,
transmit power. Since network topology and channel condi-
tions are usually determined by external circumstances, joint
power and bandwidth allocation (JPBA) among wireless nodes
is the key tool for location-aware network design, especially
when the nodes are subject to the limited resources.

Some work has been carried out on power allocation
problem in non-cooperative scenarios. In [7], [8], SPEB is
considered as the objective function, which is formulated
and solved as a semidefinite programming (SDP) problem.
[9] focuses on sparsity of power distribution among anchors.
The minimum number of anchors required for single agent
localization is therefore derived and proved. [10] performs
the energy efficiency optimization in two-way-ranging based
localization.

In pure power allocation schemes, perfect medium access
control is required, or else the interference on agents will be
inevitable. In [7], each anchor is assumed to perform the trans-
mission over the whole bandwidth, which implies transmission
in different time slots. On the other hand, proper bandwidth
allocation for measurements is also a very important problem
to the localization accuracy besides power. However, very
limited work can be found about the bandwidth allocation
in localization networks. This is in contrast to bandwidth
optimization in communications networks, where considerable



work has been done, see., e.g., [11] and references therein.
In this paper, an optimization framework of JPBA for

cooperative localization networks is given. We first formulate
an optimal cooperative JPBA framework that exploits the
structure of EFIM. Since the objective functions of JPBA
is non-convex, an efficient algorithm with high accuracy is
hereby proposed. Performance of various JPBA schemes are
evaluated and compared. Optimal cooperation rules can be
drawn based on the framework and special constraints.

II. SYSTEM MODEL

A. Network model

Consider a 2-D location-aware network consisting of Na
agents and Nb anchors with known positions. Agents are able
to determine their positions by the time of arrival (TOA)
measurements both with anchors and other cooperative a-
gents. The sets of agents and anchors are represented by
Na = {1, 2, ..., Na} and Nb = {1, 2, ..., Nb} respectively. The
position of node k is denoted by pk = [xk, yk]

T, k ∈ Na∪Nb.
The distance between node k and j is the two-norm of the
vector from node j to node k

dkj = ||pk − pj || (1)

The angle from node k to j is given by

ϕkj = arctan
( yk − yj
xk − xj

)
(2)

In our model, agents and anchors are assumed to be syn-
chronized, so that one-way ranging is applied for localization.
Asynchronous scenarios combined with round trip measure-
ments will be considered in future work.

B. Position error bound

As defined in [5], [6], the squared position error bound
(SPEB) is derived from the equivalent Fisher information
matrix (EFIM). The definition of SPEB of agent k is

E{||p̂k − pk||2} ≥ P(pk) , tr{J−1
e (pk)} (3)

where Je(pk) is the EFIM of agent k’s position obtained by
measurements, p̂k is an estimate of position pk.

It has been shown in [6] that the global EFIM of Na agents
in a cooperative localization network can be written as a 2Na×
2Na matrix,

Je =

 J11 ... J1Na

... Jij ...
JNa1 ... JNaNa

 (4)

where

Jij =

{
JA

e (pi) +
∑

k ̸=i Ci,k i = j

−Ci,j i ̸= j
(5)

In (5), JA
e (pk) and Ckj are the ranging information (RI) of

agent k obtained from all Nb anchors and agent j, respectively,
expressed as

JA
e (pk) =

∑
j∈Nb

λkjqkjq
T
kj (6)

Ckj = Cjk = (λkj + λjk)qkjq
T
kj (7)

where qkj = [cos(ϕkj), sin(ϕkj)]
T. In (6) and (7), λkj is

termed “ranging information intensity” (RII), defined as

λkj = ξkj
Pkβ

2
k

dαkj
(8)

where ξkj is a positive coefficient determined by the channel
properties. α indicates the pathloss coefficient during trans-
mission. Pk and βk are the power and effective bandwidth
of the transmitted waveform from node k. If the signal
waveform is suitable chosen (e.g. sinc-shaped pulses), effective
bandwidth could be equivalent (or proportional) to the real
signal bandwidth. SPEB characterizes the fundamental limit of
localization accuracy, it can be used as a performance metric
for location-aware networks.

III. OPTIMAL JOINT POWER AND BANDWIDTH
ALLOCATION PROBLEM

Since the RII in (8) is decided by the transmitted power and
bandwidth, the global SPEB can be considered as the objective
function to be minimized by optimal JPBA among all anchors
and agents. The original problem can be formulated as

P1 : min
∑

k∈Na,i∈Na∪Nb

P(pk; {Pi, βi}) (9)

s.t. 0 ≤ Pi ≤ P0 i ∈ Na ∪Nb (10)
0 ≤ βi ≤ B0 i ∈ Na ∪Nb (11)∑

i∈Na∪Nb

Pi ≤ Ptotal (12)∑
i∈Na∪Nb

βi ≤ Btotal (13)

Constraints (10) and (11) show that each node has an upper
limit on transmission bandwidth B0 and peak power constraint
P0 due to the hardware design. (12) gives the upper bound of
the total power (Ptotal) that can be used in the whole network.
(13) indicates the total bandwidth available (Btotal) for the
whole network. Since all nodes may work simultaneously,
we usually set Btotal as B0 to avoid interference, which also
assumes that all nodes work on the same carrier frequency. If
several time slots are available for ranging, then Btotal is the
number of timeslots times B0.

To simplifying the notation, Panchor, Banchor, Pagent and
Bagent are therefore used to represent the sum of power and
bandwidth resources for anchors and agents respectively. i.e.

Na∑
k=1

Pk = Pagent,

Na∑
k=1

βk = Bagent

Nb∑
j=1

Pj = Panchor,

Nb∑
j=1

βj = Banchor

Constraints (10) to (13) can be rewritten as

Panchor + Pagent ≤ Ptotal (14)
Banchor +Bagent ≤ Btotal (15)
0 ≤ Pk ≤ P0, 0 ≤ βk ≤ B0 k ∈ Na ∪Nb (16)



which is also named as a full flexible (FF) allocation scheme
in this paper.

Based on the constraints in FF scheme, four more allocation
schemes may be attained by introducing extra constraints.

1) Power flexible scheme (PF). In PF, besides on the global
constraints above, a constraint on the bandwidth alloca-
tion on Banchor and Bagent is given, i.e.

Banchor = Bagent =
1

2
Btotal (17)

Setting Btotal = 2B0 results in a special case of PF-JPBA
where ranging is performed in two different time slots. In
time slot 1, measurements among anchors are performed,
which is equivalent to the traditional non-cooperative
localization. In the second time slot, cooperation among
agents are carried out.

2) Bandwidth flexible scheme (BF). Similar to PF, an extra
constraint on power allocation is added to (14) - (16).

Panchor = Pagent =
1

2
Ptotal (18)

by which the anchors and agents are required to use the
same amount of power. This constraint might be useful
from an interference point of view.

3) Equally allocation scheme (EA). In EA, both constraints
(17) - (18) are added to (14) - (16), which means agents’
cooperation is regarded as important as anchors. Since
anchors, due to their known location, provide inherently
higher accuracy, the scheme is less efficient. However,
the extra constraints make it much simpler to solve the
optimization problem, as the anchor optimization and
agent optimization can be performed separately.

4) Purely uniform allocation scheme (PUA). This is the
easiest but least efficient method to perform resource
allocation. Each node is allocated the same amount of
resources, i.e.

Pi =
1

Na +Nb
Ptotal i ∈ Na ∪Nb

βi =
1

Na +Nb
Btotal i ∈ Na ∪Nb

PUA is only used for performance comparison in this
paper.

IV. ITERATIVE SEARCHING FOR COOPERATIVE JPBA

In problem P1, the power and bandwidth vectors that need
to be optimized are represented as

P = [PT
anchor,P

T
agent]

T, β = [βT
anchor,β

T
agent]

T

where Panchor = [P1, P2, ..., PNb ]
T, Pagent = [P1, P2, ..., PNa ]

T,
βanchor = [β1, β2, ..., βNb ]

T and βagent = [β1, β2, ..., βNa ]
T.

Since all constraints (10) - (13) are affine, only the con-
vexity of the objective function (9) is needed to be verified.
Unfortunately, it’s notable that there exists the term of Pkβ

2
k in

RII (8) that makes the objective function non-convex, and to
our knowledge, it is not possible to transform the problem into
a convex one. Therefore, an approximate practical algorithm

is required to solve the problem P1. The key idea is that,
instead of searching over the feasible sets of Pk and βk

simultaneously for the optimization, an iterative searching (IS)
method is realized by replacing (Pk + ∆Pk)(βk + ∆βk)

2

with (Pk +∆Pk)βk and Pk(βk +∆βk)
2 alternatingly. If the

intermediate solution converges to the optimal one, ∆βk will
be relative small, thus

Pk(βk +∆βk)
2 ≈ Pk(β

2
k + 2βk∆βk) (19)

In the following, we present the details of the IS, which
is based on the approximation in (19). In order to conserve
space, only the FF solution details are given here, while BF,
PF and EA can be treated as special cases of FF. Intermediate
power and bandwidth vectors in the algorithm are defined as:

∆P = [∆P1,∆P2, ...,∆PNa+Nb ]
T

∆β = [∆β1,∆β2, ...,∆βNa+Nb ]
T

Step 1: Initialization. Select a starting point, i.e., let P(0) =
P0, β(0) = β0, m = 1. The elements in (5) can be rewritten
as

Jij =

{
JA

e (pk;P
(0)
anchor,β

(0)
anchor) +

∑
k ̸=i C

(0)
i,k i = j

−C
(0)
i,j i ̸= j

(20)

where C
(0)
i,k and C

(0)
i,j are derived from (7) with the starting

value of P(0)
agent and β

(0)
agent.

Step 2: Let P(m) = P(m−1) + ∆P and β(m) = β(m−1).
The problem P1 can thus be rewritten as

P
(m)
1,P : min

∑
k∈Na

P(pk; {P(i−1) +∆P,β(i−1)}) (21)

s.t. Pi +∆Pi ≤ P0 i ∈ Na ∪Nb (22)
Na+Nb∑
i=1

(P
(m−1)
i +∆Pi) ≤ Ptotal (23)

Proposition: The problem P
(m)
1,P is convex in ∆P.

Proof : Since the constraints (22) and (23) in problem P
(m)
1,P

are affine, only the convexity of the objective function (21) in
∆P is required here. Define

f(∆P) = tr
{[
Je(∆P)]−1

}
(24)

Choosing arbitrary ∆P, ∆P′ ∈ RNa+Nb , given any γ ∈ [0, 1],
we have

f(γ∆P+ (1− γ)∆P′)

= tr
{[
Je(γ∆P+ (1− γ)∆P′)]−1

}
= tr

{[
γJe(∆P) + (1− γ)Je(∆P′)]−1

}
≤ γtr{[Je(∆P)]−1}+ (1− γ)tr{[Je(∆P′)]−1} (25)

The inequality holds since the function tr{X−1} is convex
in X ≻ 0 [12]. Therefore, if the cooperative EFIM Je(pk) is
proved to be positive definite, the proof will be complete.



Choosing any non-zero vector z = [zT
1, z

T
2, ..., z

T
Na
]T, where

zk = [zk1, zk2]
T, we can get the following results based on

the cooperative EFIM’s structure

zTJez =

Na∑
k=1

zT
kJ

A
e (pk)zk > 0 (26)

Since the non-cooperative EFIM is a 2×2 positive definite ma-
trix [5], (26) is hereby satisfied. Therefore, the SPEB function
of cooperative network is convex in ∆P, so that an optimal
power solution can be achieved in this step through any of
the many available programs for solving convex problems (we
used the CVX package [13]).

Step 3: Let P(m+1) = P(m) and β(m+1) = β(m) + ∆β.
Similar to the previous step, problem P1 can thus be rewritten
as

P
(m)
1,B : min

∑
k∈Na

P(pk; {P(i), (β(i−1))2 + 2β(i−1)∆β})

s.t. βi +∆βi ≤ B0 i ∈ Na ∪Nb

Na+Nb∑
i=1

(β
(m−1)
i +∆βi) ≤ Btotal

Based on the proposition in last step, problem P
(m)
1,B is also

convex in ∆β, thus can be efficiently solved.
Step 4: Let m = m + 1. Convergence check. If ∆P and

∆β are small enough (compared to a preset threshold ϵ), the
iteration ends. The optimal power and bandwidth vectors can
be achieved and optimal EFIM can be obtained for SPEB
evaluation. Otherwise, it jumps back to step 2 for a new
searching process.

Note that when convergence is achieved, only convergence
to a local optimum is guaranteed. Whether the global optimum
is also achieved depends on the initialization. Therefore,
four different starting points are evaluated by performance
comparison with the time-exhausting brute force algorithm.

• The first choice is to provide uniform allocation to the
anchor nodes, while not providing any power to the agent
nodes:

P
(0)
k = 0, β

(0)
k = 0 k ∈ Na

P
(0)
j = Ptotal/Nb, β

(0)
j = Btotal/Nb j ∈ Nb

• the second starting point provides an equal amount of
resources to all anchor and agent nodes:

P
(0)
i =

Ptotal

Na +Nb
, β

(0)
i =

Btotal

Na +Nb
i ∈ Na ∪Nb

• The third starting point is selected proportional to the link
strength, which is indicated by the inverse of pathloss
during transmission.

• Similar to the previous one, the last option is selected
opposite to the link strength.

In Fig. 2, generally brute force outperforms IS in accuracy.
However, if we choose proper starting points (e.g. 1 and 2),
the results obtained from both methods are close. Furthermore,
IS is much more time efficient, which makes it an appropriate
solution to problem P1.
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Fig. 2. Results comparison between IS (4 starting points) and brute force

V. NUMERICAL RESULTS AND DISCUSSIONS

A. Network setting

In this section, we present numerical examples for the lo-
calization performance based on the proposed JPBA schemes.
The global total power Ptotal for localization is normalized as
Ptotal = 1. Peak power and bandwidth constraints on each node
are P0 = 0.4, B0 = 1 respectively. Global bandwidth is set as
Btotal = B0 = 1. Channel coefficients ξij are normalized here.
Path loss and shadowing are considered as the channel gains.
Path loss coefficient is set as α = 2. IS is used to solve the
problem, in which starting poing 1 and 2 are investigated. The
threshold for the convergence check step is set as ϵ = 10−3.

A simple network example is shown in Fig. 3. Na agents
are uniformly random distributed in a square region, i.e.,
U([0, 10] × [0, 10]). In our example, Nb = 4 anchors are
located within the area. It is widely recognized (see, e.g.,
[14]) that a good anchor deployment (AP) is on the vertices
of a convex hull of the agent positions, to minimize errors.
However, note that practical constraints may prevent such a
placement. Thus, investigating the effect of AP on global
accuracy and agents cooperation is important. For this purpose,
we henceforth investigate two different APs shown in Fig. 3,
and henceforth simply called “good” and “bad” AP.

B. Global accuracy results

In this part, all five cooperative JPBA schemes proposed in
section III are implemented and evaluated by accuracy. The
“good” AP in Fig. 3 is applied here. The channel gain is
determined by the free-space pathloss only.

We first focus on the results on all cooperative JPBA
schemes. It can be seen that

• Global errors of all schemes increase almost linearly
with the agents’ number. The main reason for that is the
constraints on total power and bandwidth. Similar results
are drawn in the non-cooperative scenario with optimal
power allocation schemes [7].



Good anchor deployment 

Bad anchor deployment

Agent

Fig. 3. The location-aware network consisting 4 anchors and multiple agents,
where anchors are deployed in two different ways
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Fig. 4. Global accuracy of JPBA in 5 different schemes

• As we predicted in Section III, PUA is the simplest
by least efficient scheme, since there is no optimization
among resource allocation.

• Considering the remaining four schemes, FF performs
best while EA is the worst. This is intuitive, since - under
constraint for the the total resources - more flexibility
offers better performance. The power and bandwidth
resources can be automatically concentrated in the most
“helpful” nodes, especially when there are no external
constraints on it.

• We furthermore observe that BF outperforms PF. The
reason is that EFIMs are affected by the square of
the bandwidth, Pjβ

2
j , and so bandwidth plays a more

important role for the overall accuracy. Another reason is
that, there exists a peak power constraint (P0 < Ptotal),
which makes the PF scheme actually not completely
flexible for power allocation.

The gain obtained from agents’ cooperation is another
important issue. In Fig. 4, it is obvious that cooperation among
agents is able to improve the accuracy in all schemes, but
by different amounts. Cooperation is of great help to the
performance in PF, when Banchor is strictly restricted. On the
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Fig. 5. FF JPBA results under different conditions

other hand, cooperation gain in FF is quite limited. It means
that, when anchors are properly deployed, the performance of
non-cooperative localization in FF is very close to the optimal
results, while there is much larger space for improvement for
PF.

In the second scenario, cooperative JPBA results with
shadowing and bad AP are studied. We use here a simplified
shadowing model such that the SNR will decrease by 10 dB
in case of a blockage between transmitter and receiver; the
probability for such a blockage is Pshadowing = 0.5. Due to the
space restrictions, only FF is considered here. As shown in
Fig. 5, it is observed that, when anchors are poorly deployed,
cooperation plays a much more important role than in good-
anchor-deployment scenarios - a fact that agrees well with
intuition. It is also obvious that poor anchor deployment leads
to much larger localization errors; yet cooperation among
agents will be able to mitigate the error effectively. Similarly,
shadowing is an important factor that affects the performance.
When anchors are severely blocked, the provided ranging
information is hereby decreased. It gives agents’ cooperation
a more important role in localization.

C. Resource allocation results

Besides the accuracy performance, the resource allocation
results are also an interesting issue to be addressed. First, we
consider the optimal resource allocation ratio between anchors
and agents. A resource allocation parameter is defined as

ζ =
PanchorB

2
anchor

PanchorB2
anchor + PagentB2

agent
(27)

which indicates the percentage of resources that allocated to
anchors.

From Fig. 6, it’s suggested that when anchors are properly
deployed and channel conditions are good, non-cooperative lo-
calization achieves close-to-optimum results. This conclusion
also can be drawn from the FF results in Fig. 4 and Fig. 5.
Therefore, most resources are recommended to be allocated to
anchors. If anchors are poorly located and channel conditions
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are not so good, agents’ cooperation will be more and more
important as the agents’ number increases. Nevertheless, ζ is
still suggested to be greater than 0.5. This agrees with the
conclusions in [6] that anchors can be treated as agents with
zero SPEB during localization, so that they play the main
roles during localization in most cases. Another interesting
phenomenon is that, since there exists a peak power constraint
P0 = 0.4, ζ in PF is smaller than FF and BF.

Optimal resource distribution among agents is also an
interesting topic. In Fig. 7, the resource allocation results
among 8 agents are shown as an example. It is obvious that,
in contrast to PUA, all optimized JPBA schemes allocate the
resources to the one or two most helpful agents, even in bad
AP and shadowing conditions. In other words, the resource
distribution among agents is extremely sparse, which is quite
useful and worth being exploited.

VI. CONCLUSION

In this paper we have investigated the resource (power and
bandwidth) allocation in cooperative localization systems. We

first formulated the allocation problem in a general way, but
found that the resulting optimization problem is non-convex. It
is, however, possible to obtain an approximate solution method
based on a truncated Taylor expansion and iteration. We found
that for well-deployed anchors that provide high SNR and
low geometrical dilution of precision, most of the resources
should be allocated to the anchors. However, in situations
where anchors are poorly placed and/or have blocked line-
of-sight to some of the agent nodes, agent cooperation is
essential. However, even in these cases, only a small number
of agents get significant resources allocated. The results in
this paper help to provide guidelines for system design, and
demonstrate that a purely uniform allocation of resources
does not appropriately exploit the possibilities of modern
localization systems.
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