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Abstract—This paper proposes a novel spectrum utility (SU) 
metric that assesses the effciency of spectrum usage by a set
of heterogeneous applications. Unlike the traditional spectrum
effciency (SE), the proposed metric does not blindly consider the
achievable bit-rate, but captures the most relevant performance
metrics for each of the considered applications. Specifcally, it is
formulated as an aggregated utility that combines the satisfaction
level with respect to the various requirements with an innovative
pricing model based on it to derive the total revenue generated
for the spectrum owner. To get insight into the usefulness of the
proposed metric, the proposed methodology is instantiated for 
an illustrative use case, where a mixture of delay-sensitive (i.e.,
interactive video) and -tolerant (i.e., fle transfer) applications are
established in dense indoor deployments. The obtained results 
reveal that the proposed SU signifcantly outperforms the legacy
SE in assessing how effciently a limited frequency spectrum is
utilised from the perspective of the total revenue, particularly 
when the quality-of-experience (QoE) perceived during video 
sessions is degraded. This calls for a novel SU-aware ecosystem,
where the spectrum sharing models, billing policies and resource
allocation mechanisms (e.g., medium access control (MAC) and 
radio resource management (RRM)) are jointly revisited to 
maximise the overall SU. 

I. CONTEXT/MOTIVATION 

To assess the effciency of spectrum usage by a given 
communication system, the spectrum effciency (SE) metric 
has been very popular in both academia and industry to assess 
the achievable bit-rate in bits per second (bps) per Hertz of 
spectrum. 

Since its early introduction in cellular networks [1], it has 
evolved considerably to meet various needs. In particular, it 
was extended in [2] into the area spectrum effciency (ASE) 
expressed in bps/Hz/unit of area to capture the gain that may 
be introduced by frequency reuse in a given deployment area. 
The second major improvement is its redefnition based on 
the user-perceived throughput as a random variable whose 
statistics (e.g., cumulative distribution function (CDF)) could 
better characterise its variability due to the radio and load 
conditions. The latter approach is currently recommended by 
the third generation partnership project (3GPP) as refected by 
the system performance metrics recently selected in Section 
A.2.1.4 of [3]. 

All these extensions, albeit useful, focus on the bit-rate, 
which is a valid performance metric for traditional data 
applications (e.g., fle transfer), but cannot capture the more 
complex and heterogenous requirements associated with the 
wide range of emerging applications (e.g., high-quality video 
streaming and machine type communications). 

To tackle this limitation, this paper proposes a novel spec-
trum utility (SU) metric to assess the effciency of utilising 
a limited frequency spectrum by a set of heterogeneous 
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applications. The proposed metric combines the satisfaction 
level achieved with respect to the various requirements with an 
innovative pricing model based on it to derive the total revenue 
generated for the spectrum owner (e.g., operator). From a 
practical standpoint, it could be considered as the return-on-
investment (ROI) when the acquired spectrum is exploited in a 
particular way e.g., by some radio access technologies (RATs) 
and/or to establish a particular set of applications. 

Therefore, the frst contribution of this paper is the devel-
opment of a novel SU that assesses how effciently a limited 
frequency spectrum is utilised from the perspective of the total 
revenue generated by the considered applications. The second 
contribution is the instantiation of the proposed metric for an 
illustrative use case, where a mixture of delay-sensitive (i.e., 
interactive video) and -tolerant (i.e., fle transfer) applications 
are established in dense indoor deployments. Consequently, 
the third contribution is the benchmarking of the proposed 
SU against the traditional SE from both the total revenue and 
individual application perspectives. 

The remainder of this paper is organized as follows. The 
system model is described in Section II including a review of 
the traditional SE approach. A novel SU metric is developed in 
Section III to assess the effciency of spectrum usage by a set 
of heterogeneous applications. The proposed metric is instanti-
ated in Section IV for an illustrative use case, where a mixture 
of delay-sensitive and -tolerant applications are established in 
dense indoor deployments. The obtained results are presented 
in Section V, including the evaluation of the proposed metric 
together with the individual application performances. The 
conclusions and future directions are provided in Section VI. 

II. SYSTEM MODEL 

A given deployment area A[m2 ] is considered, where K 
available RATs ({RATk}1≤k≤K ) are available on a given 
spectrum bandwidth W [Hz ]. The various RATs are exploited 
by N active users to establish a set of M applications 
({Am}1≤m≤M ), each characterised by a set of Rm require-
ments ({Reqr ). For each application Am, Nm de-m}1≤r≤Rm ∑Mnotes the number of active users such that Nm =N . m=1 

A. Link spectrum effciency 
For each n-th user of a given m-th application, the SE 

achieved at a given time t when using RATk is expressed 
in bps per Hertz of spectrum as: 

Bm,n,k(t)
SEm,n,k(t) = (1)

W 

where Bm,n,k(t) denotes the achievable bit-rate at time t. 
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Fig. 1. Behavior of the marginal satisfaction level 

B. Area spectrum effciency 
To capture the potential frequency reuse gain, the ASE is 

calculated as the aggregated link spectrum effciency normal-
ized to the deployment area: 

M Nm K∑ ∑∑1 
ASE(t) = SEm,n,k(t)

A 
m=1 n=1 k=1 

M Nm K
(2)∑ ∑∑1 

= Bm,n,k(t)
A·W 

m=1 n=1 k=1 

Both of the aforementioned metrics (i.e., SEm,n,k and ASE) 
focus on the achievable bit-rate and assume that every success-
fully transmitted bit contributes equally to the overall SE. This 
assumption is valid for a traditional fle transfer, but may not 
hold for many emerging applications. For instance, few Kbits 
received within a given delay budget would be highly valuable 
for low-end sensors, while even few Mbits may not sustain a 
good quality-of-experience (QoE) for 4K video streaming. 

To overcome these limitations, a novel metric is developed 
is the next section. 

III. SPECTRUM UTILITY 

This section devises a novel metric to assess the effciency 
of spectrum usage from the perspective of the total revenue 
generated by the considered applications. 

A. Application satisfaction levels 
This section proposes a generic formulation to evaluate 

the satisfaction level achieved by each of the considered 
applications. 

For each n-th user of a given m-th application, the satis-
faction level achieved at a given time t when using RATk is 
defned as: 

Rm∏( )αr 
m αrSLm,n,k(t) = SLr , >1 ∀r∈{1, . . . , Rm};m,n,k(t) m

r=1 
(3) 

where SLr (t) denotes the marginal satisfaction level with m,n,k
respect to the r-th requirement (i.e., Reqr ). The controlling m
parameters {αr }1 ≤r ≤Rm could be adjusted differently tom 
refect the relative importance of the various requirements. 

More specifcally, the following formulation [4] is consid-
ered to assess the marginal satisfaction levels: 

Fig. 2. Behavior of the considered pricing model, β=5 ( )ξr 
Rr (t) m 

m,n,k

mSLr Reqr 

(4)m,n,k(t) = ( )ξr 
Rr (t) m 

m,n,k1 + Reqr 
m 

where Rr (t) denotes the achievable performance with m,n,k 
respect to Reqr when using RATk and ξr is a shaping m m 
parameter that allows the function to capture different degrees 
of elasticity with respect to Reqr .m

The proposed formulation belongs to the family of sigmoid 
functions [4]. To better analyse its behavior, Fig. 1 plots it as 
a function of the ratio Rr (t)/Reqr for different values of m,n,k m 
the shaping parameter ξr . It can be seen that SLm,n,k(t) is a m
monotonic increasing function of the achievable performance 
Rr (t) that equals 0.5 at Rr (t)=Reqr , and tends m,n,k m,n,k m 
asymptotically to 1. The marginal increase of the utility 
function for large performances Rr (t) well above the m,n,k
requirement Reqr becomes progressively smaller especially m 
when intermediate values of ξr are used (e.g., ξr =5). There-m m
fore, SLm,n,k(t) provides a measure of the satisfaction level 
with respect to the requirement Reqr , with values ranging m
from 0 (low satisfaction) to 1 (high satisfaction). 

B. Overall spectrum utility 
For each n-th user of a given m-th application, the contri-

bution to the overall SU is defned as the generated revenue 
per Hertz of spectrum: 

1 
SUm,n,k (t) = · (SLm,n,k (t)·Cost(SLm,n,k (t))) (5)

W 

where Cost(.) refects the pricing policy i.e., price (or equiv-
alently the willingness) to pay per unit of satisfaction level. 

Without loss of generality, the following pricing model is 
considered: ( )

β
2· (SLm,n,k(t))

Cost (SLm,n,k(t)) =pm,n,k · (6)
β

1+ (SLm,n,k(t))

where pm,n,k is the maximum price that could be set dif-
ferently for each application depending on the associated 
business model. An example of such tuning could be found in 
Section V-A. 

As illustrated in Fig. 2, the considered formulation is a 
monotonically increasing function meaning that the price to 
pay is higher when the user is more satisfed, reaching its max-
imum (i.e., pm,n,k) at full satisfaction (i.e., SLm,n,k(t)=1). 



Note that the proposed pricing model would require to 
redefne the user subscription profles and billing policy based 
on the application satisfaction levels, which would be a 
future-proof step to support the requirements of any emerging 
application. 

Next, the area spectrum utility (ASU) is defned as the 
aggregated spectrum utility per unit of area: 

M Nm K∑ ∑∑1 
ASU (t) = SUm,n,k(t)

A 
m=1 n=1 k=1 

M Nm K∑ ∑∑1 
= SLm,n,k(t)·Cost(SLm,n,k(t))

A·W 
m=1 n=1 k=1 

(7) 

The proposed ASU provides a generalisation of the legacy 
ASE. As a matter of fact, it can be seen that (2) represents 
a particular case of (7) when SLm,n,k (t)=Bm,n,k (t) and 
Cost(SLm,n,k (t))=1 . 

In what follows, the time argument will be dropped from 
the notation for the sake of simplicity. 

IV. USE CASE: DELAY-SENSITIVE AND -TOLERANT 
APPLICATIONS IN DENSE INDOOR DEPLOYMENTS 

A. Considered environment 
• To model ultra-dense deployments, a single LTE macro 

cell (i.e., K=1) overlaid by a set of buildings is consid-
ered. Each building is structured according to the dual-
stripe layout [5] i.e., as two stripes of rooms with a 
corridor in-between, which corresponds in practice to 
e.g., the set of stores inside a shopping mall. The various 
propagation losses (i.e., indoor-indoor, outdoor-outdoor, 
indoor-to-outdoor and vice versa) are modeled using the 
hybrid building model that combines several well known 
propagation loss models [6]. 

• A set of LTE small cells are dropped randomly inside 
each building. As an illustrative example, Fig. 3 describes 
the signal-to-interference-and-noise-ratio (SINR) map ob-
tained when a building composed of two 20-room stripes 
is considered with one small-cell placed in each room. 

• The full list of LTE physical parameters is that of the 
outdoor scenario described in the Annex A of [7]. 

B. Traffc mixture 
The set of N users are randomly dropped inside the con-

sidered environment. Each user may establish one of the 
following M=2 applications: 

• Interactive (i.e., delay-sensitive) video whose require-
ments are characterized in terms of a minimum 

Bminbit-rate and maximum end-to-end delay of1 
Dmax =100 ms . In this respect, the video receiver ac-1 
cepts only in-sequence frames whose end-to-end delay 
does not exceed Dmax . Any other frame is dropped with 1 
no subsequent retransmission. Therefore, the associated 
set of requirements could be captured by the minimum 
bit-rate Bmin and a target frame loss ratio of Lmax =0.051 1 
similarly to the work of [8]. An approach to assess the 
perceived QoE during an actual video transmission will 
be presented in Section IV-D. 

• Data (i.e., delay-tolerant) transfer associated with a 
loose requirement in terms of a minimum bit-rate 
Bmin =1 Kbps .2 

Fig. 3. Illustrative example of SINR map 

In what follows, A1 and A2 will be used to denote the video 
and fle transfer applications, respectively. 

C. Satisfaction levels 
• Interactive video: The generic model developed in Sec-

=Bmintion III-A is instantiated for R1=2 with Req1 and1 1 

1 =1/LmaxReq2 . Therefore, the satisfaction level associ-1 
ated with interactive video can be derived as: ( )α1 ( )α2 

1 1SL1,n,k = SL1
1 
,n,k · SL1

2 
,n,k (8) 

where SL1 and SL2 denote the marginal sat-1,n,k 1,n,k 
isfaction levels from the bit-rate and frame loss rate 
perspectives, respectively given by: ( )ξ1 

1B1,n,k 

Bmin 
1SL1 (9)1,n,k = ( )ξ1 

1B1,n,k1 + 
Bmin 

1 ( )ξ2 ( )ξ2 
1 Lmax 11/L1,n,k 1 

1/Lmax L1,n,k
SL2 = 1 = (10)1,n,k ( )ξ2 ( )ξ2 

1 Lmax 11/L1,n,k1 + 1/Lmax 1 + 1 
L1,n,k1 

where L1,n,k denotes the frame loss rate perceived by the 
n-th user when using RATk. 

• Data transfer: The generic model developed in Sec-
=Bmintion III-A is instantiated for R2=1 with Req1 .2 2 

Therefore, the satisfaction level associated with fle trans-
fer can be derived as: 

α1⎛ ( )ξ1 ⎞ 2 
2B2,n,k( )α1 Bmin 

2 ⎜ ⎟2SL1 = (11)SL2,n,k = 2,n,k ⎝ ( )ξ1 ⎠ 
2B2,n,k1 + 

Bmin 
2 

D. Evaluation of video QoE 
This section proposes an approach to evaluate the QoE 

perceived during interactive video sessions. 
Given the high cost incurred by subjective tests, it is 

proposed to perform an objective assessment of the video QoE. 
In this respect, the Evalvid framework [9], whose simplifed 
architecture is described in Fig. 4, has been integrated. 

On the sender side, a digital video sequence is encoded, 
packetised and transmitted over a simulated network. On 
the receiver side, a play-out buffer is optionally used for 
jitter reduction before the received sequence is decoded and 
displayed. Both the sender and receiver keep track of the 
time-stamp and type of each sent/received packet in separate 
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Fig. 4. A simplifed architecture of the Evalvid framework 

trace fles. These trace fles are combined with the original 
encoded video to reconstruct the uncompressed raw video as 
it would be perceived by the receiver. Based on a comparison 
between the original and reconstructed raw sequences, the QoE 
is evaluated based on the following metrics: 

• The peak signal to noise ratio (PSNR) which has been 
extensively used in the literature for its simplicity. It 
provides a measure of the similarity between a distorted 
video sequence and its original counterpart based on a 
frame-by-frame comparison [9]. 

• The structural similarity (SSIM) index which focuses 
on the structural information loss to which the human 
visual system is strongly sensitive. It computes the mean, 
variance and covariance of small patches inside each 
frame and combines them into a distortion map [10]. 

To refect the current trend in high-end video entertainment, 
the popular 10-min Big Buck Bunny animated video (e.g., 16+ 
million views on Youtube) has been selected as test sequence. 
Its uncompressed raw stream was downloaded from [11] and 
encoded with H264 (Main Profle, L4.1) at 1080p @24fps, 
which generates a variable bit-rate stream whose minimum 
requirement is Bmin=10 Mbps.1 

V. PERFORMANCE EVALUATION 

To get insight into the effectiveness of the proposed metric, 
a set of system-level simulations have been performed using 
the NS-3 simulator [12]. 

A. Initial assumptions 
A preliminary study has been conducted under the following 

assumptions: 
• A single 10 m×10 m room of the dual-stripe layout de-

scribed in Section. IV-A is initially considered. Therefore, 
the initial deployment area is A=100 m2 . 

• The LTE macro and small cells operate on a bandwidth 
of W =20 MHz. The associated medium access control 
(MAC) scheduling is performed based on the proportional 
fair (PF) algorithm [13]. 

• Inside the considered room, N1= 1 video session is es-
tablished together with N2∈{0, 2, 4} fle transfers during 
a simulation time of Tsim =650 s . 

• The satisfaction levels of the video and fle transfer ap-
plications are evaluated at ξ1

1=10, ξ1
2=ξ2

1=5 and αr =1.m

Fig. 5. Behavior of ASU and ASE for different traffc mixtures 

• The pricing model of (6) is evaluated at β=5. To refect 
the large share of revenue currently generated by video 
traffc, the maximum price pm,n,k associated with data 
transfer and video is set to p and 10p, respectively. 

B. Initial results 
This section evaluates the ASU metric proposed in Sec-

tion III-B and benchmarks it against the traditional ASE 
defned in Section II-B for the considered use case in Sec-
tion IV. The individual performances of each of the considered 
applications (i.e., interactive video and fle transfer) are also 
evaluated together with their contributions to the overall ASU. 

Fig. 5 plots the time average of both metrics when an 
increasing number of fle transfers (N2) is established together 
with N1=1 video session. For an intuitive interpretation of 
the obtained results, both ASU and ASE are multiplied by the 
area-bandwidth product to represent the aggregated revenue in 
multiples of the unit price p (i.e., ASU ·(A·W )/p) and bit-rate 
in Mbps (i.e., ASE·(A·W )), respectively. 

The frst key observation is that unlike ASE, ASU frst 
increases slightly at low loads of fle transfers (i.e., N2≤2), 
and then decreases sharply at higher loads. This is because, on 
the one hand, accepting more fle transfers allows to consume 
a larger fraction of network resources. Thus, ASE increases 
linearly as it simply aggregates the bit-rate achieved by all 
users. On the other hand, ASU values spectrum usage depend-
ing on the revenue generated by the established applications. 
When only few fle transfers are active, the cross-traffc effects 
are minor, which justifes the slight increase of ASU due to the 
contribution of these sessions. When the load increases further, 
the video traffc gets overwhelmed as per the PF scheduling, 
which strongly degrades its performance and signifcantly 
reduces the revenue it generates. As a result, ASU is strongly 
impacted as the contribution of video users in (7) is much 
higher (i.e., 10p) compared to that of fle transfers (i.e., p). 

To understand better the observed behavior of ASU, the 
individual contributions of the considered applications are 
next analysed. Fig. 6(a) shows the average satisfaction levels 
achieved by the video and fle transfer applications. 

The results confrm that the fle transfers associated with 
loose bit-rate requirements are fully satisfed even at the 
highest loads. In turn, the satisfaction level of the video user 
strongly depends on the load at hand. When the number of fle 
transfers is low, the video performance is slightly reduced, and 
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Fig. 6. Individual performances of the considered applications 

so is its contribution to the total revenue in (7). However, the 
revenue brought by each new fle transfer (i.e. p) dominates 
that reduction, and thus the overall ASU slightly increases 
as previously observed in Fig. 5. As the load increases, the 
video application is strongly degraded and stops generating 
any revenue. This is clearly observed in Fig. 5, where it 
can be seen that ASU equals exactly the contribution of fle 
transfers (i.e., 4p) at the highest load (i.e., N2=4). This calls 
for an admission control based on ASU as rejecting fle transfer 
requests at N2=2 would be more benefcial from the total 
revenue perspective. 

Finally, the performance of the video application is analysed 
in terms of the QoE metrics defned in Section IV-D. Fig. 6(b) 
shows the average PSNR and SSIM levels perceived during 
video sessions. It can be seen that when the fle transfers 
overwhelm the video traffc, the QoE perceived by the end-
user is strongly degraded particularly at the highest loads. 
This confrms that the satisfaction level formulation developed 
in Section IV-C captures well the end-user perception during 
video sessions. 

In summary, the proposed ASU signifcantly outperforms the 
traditional ASE in assessing how effciently spectrum resources 
are utilised from the total revenue perspective, particularly 
when the video QoE is degraded. 

VI. CONCLUSIONS AND FUTURE WORK 

This paper proposes a novel spectrum utility (SU) metric 
that assesses the effciency of spectrum usage by a set of het-
erogeneous applications. Unlike the traditional spectrum eff-
ciency (SE), the proposed metric does not blindly consider the 
achievable bit-rate, but captures the most relevant performance 
metrics for each of the considered applications. In this respect, 
a generic formulation is frst devised to assess the satisfaction 
level with respect to the various requirements. Then, the SU 
is formulated as an aggregated utility that combines these 
satisfaction levels with an innovative pricing model to derive 
the total revenue generated for the spectrum owner. To get 
insight into the usefulness of the proposed metric, the proposed 
methodology is instantiated for an illustrative use case, where a 
mixture of delay-sensitive (i.e., interactive video) and -tolerant 
(i.e., fle transfer) applications are established in dense indoor 
deployments. The obtained results reveal that the proposed 
SU signifcantly outperforms the traditional SE in assessing 
how effciently a limited frequency spectrum is utilised from 

the overall revenue perspective, particularly when the video 
quality-of-experience (QoE) is degraded. This calls for a novel 
SU-aware ecosystem, where the spectrum sharing models, 
billing policies and resource allocation mechanisms (e.g., 
medium access control (MAC) and radio resource management 
(RRM)) are jointly revisited to maximise the overall SU. 

As part of future work, it is intended to extend the proposed 
SU metric to include the cost incurred on the network side, 
and construct a novel SU-aware framework, where the various 
degrees of freedom are jointly exploited. 
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