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Abstract—The key technical challenge of developing 
communication solutions for wearable devices is to meet the 
stringent energy consumption constraints while supporting 
diverse traffic types and quality of service (QoS) requirements in 
potentially densely populated deployment scenarios. In this work, 
we first present a new wearable communication architecture we 
refer to as LTE-W (LTE for Wearables) for wireless personal 
area networks (PANs) underlaying a cellular network. Within a 
single PAN, the client device with highest communication/ 
computation capabilities, usually a high-end hand-held device 
like a smartphone or a tablet, becomes the PAN header (nUE) 
and will assist other wearable devices (wUEs) to communicate 
with base station (BS) as a relay. Although two types of links are 
present, i.e., the cellular-PAN link and the intra-PAN link, the air 
interface for intra-PAN communication is defined as an 
integrated part of the cellular air interface for enhanced end-to-
end radio access and control. In LTE-W, the LTE RAT is 
considered to be the baseline and is proposed to be further 
enhanced in 5G systems to 5G-W.  
        Based on our LTE-W architecture, we propose downlink 
(DL)/uplink (UL) decoupling transmission technology. For the 
scenario where all links support the LTE RAT, three options 
(transmission schemes) for DL transmission are possible: Option 
D1 where the BS transmits to wUEs only through the nUE, 
Option D2 where dynamic switching between direct and relay 
transmission takes place and Option D0 as DL direct 
transmission from the BS to wUEs. Regarding UL transmission, 
two options exist: Option U1 where all wUEs transmit to the BS 
only through the nUE and Option U0 as UL direct transmission 
from the wUEs to the BS. In this paper, the defined DL and UL 
LTE-W transmission schemes are analyzed and evaluated 
through simulation. We further propose several LTE-W DL/UL 
transmission modes with different combinations of DL and UL 
transmission options by investigating those modes with DL and 
UL transmissions decoupled. Under this strategy, high-end wUEs 
and low-end wUEs can have different transmission mode 
solutions. For example, high-end wUEs can directly receive from 
the BS in the DL for maximum spectral efficiency while they can 
only transmit to the nUE in the UL for maximum energy 
efficiency; in the case of low-end wUEs, DL transmission can take 
place either exclusively or partially through the nUE in order to 
maximize energy efficiency. System-level simulation results 
demonstrate the effectiveness of the proposed technologies under 
the LTE-W architecture. 

Keywords—Long-term evolution; wearables; personal area 
network; relay; energy efficiency; system-level simulation. 

I. INTRODUCTION 

In recent years, wearable technologies have attracted great 
attention for research and development in both academia and 
industry. Wearable devices, in form of eyewear, wristband, 
ring, badge, jewelry, shoes, clothing, etc., are expected to 

become an indispensable part of our daily life in the near future 
[1]. In the meantime, the ever-growing install base of 
smartphones (expected to reach 2.7 billion by 2017) makes the 
environment ripe for the adoption of wearables, since the 
compute function for heavy applications can be handled by a 
personal cloud, i.e., smartphone or tablet [2]. As a result, 
technology market analysts predict that the revenue 
opportunity for the wearable wireless device market will reach 
$19 billion by 2018, with annual shipping of 169.5 million 
wearable devices by 2017 [3]-[4]. With the tremendous 
projected growth over the next few years, wearable devices 
offer a great opportunity for the wireless and semiconductor 
industries. 

 Among various applications, wearable devices span a wide 
range of power, rate and latency requirements. For example, 
for smart glass/camera and advanced gaming headsets, we will 
have frequent, high-volume, delay-sensitive data streaming 
with ultra-high data rate and ultra-low latency, while for health 
monitors, we expect regular small packets or mission critical 
bursty small packets with low data rate, moderate latency 
(regular packets) or ultra-low latency (mission critical packets) 
requirements. Some examples of different data traffic 
requirements are listed in Table 1. 

 

Table 1. Different Data Traffic Requirements of LTE-W 

Wearable technologies consist of at least five main functions 
as interface, data management, energy consumption, 
communication and integrated circuits [5]. Energy 
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consumption is a critical function for wearable technologies. 
Compared to a hand-held smart device, the size of a wearable 
device can be significantly smaller which may lead to 
shrinking battery capacity, memory size, computation 
capability, communication capability, etc., while in the 
meantime, longer battery lives are expected for wearable 
devices than those for hand-held smart devices with diverse 
applications and requirements. Unfortunately, companies have 
not managed to solve the power supply issue for wearable 
technologies. For instance, the battery life of Google Glass, 
which is considered as one of the most advanced wearable 
devices so far, is reported to last just six hours [6]. 

Regarding their communication functionality, most of the 
current wearable devices use Bluetooth (BT) or WiFi as their 
communications systems. However, the limitation of either 
data rate or scalability for high-density wearable device 
deployments [7] obstructs the further development and growth 
of wearable technologies. The challenge of developing 
communication solutions for wearable devices is to meet the 
stringent energy consumption constraints and support diverse 
traffic types and QoS requirements with the consideration of 
potentially densely populated scenario. Current Long-Term 
Evolution (LTE) [8] infrastructure or future cellular 5G 
networks [9] can play a significant role in advancing the use 
and growth of wearable device communications. 

In this work, in order to enable low power operation of 
wearable devices while meeting a diverse set of data traffic 
requirements, we first present a new wearable communication 
architecture based on wireless personal area network (PAN) 
underlaying cellular network. Although two types of links are 
present, i.e., the cellular-PAN link and the intra-PAN link, the 
air interface for intra-PAN communication is defined as an 
integrated part of the cellular air interface for enhanced end-
to-end radio access and control. We name the proposed system 
as LTE for Wearables (LTE-W) considering the LTE RAT as 
the baseline technology. The proposed system can be further 
enhanced in 5G systems as 5G-W. The LTE-W design goals 
are to create a universal coverage and connectivity architecture 
for wearable devices, while enabling low power operation, 
communication in highly dense scenarios, and diverse traffic 
support. Within a single PAN, the client device with the 
highest communication/computation capabilities, usually a 
high-end hand-held device like a smartphone or a tablet, 
becomes the PAN header (nUE) and will assist other wearable 
devices (wUEs) to communicate with the base station (BS) as 
a relay.  

    Based on our LTE-W architecture, we propose downlink 
(DL)/uplink (UL) decoupling transmission technology. For the 
scenario where all links support the LTE RAT, three options 
(transmission schemes) for DL transmission exist: Option D1 
where the BS transmits to wUEs only through the nUE, 
Option D2 where dynamic switching between direct and relay 
transmission takes place, and Option D0 as DL direct 

transmission from the BS to the wUEs. In the uplink, two 
following options are possible: Option U1 where all wUEs 
transmit to the BS only through the nUE and Option U0 as UL 
direct transmission from the wUEs to the BS. In this paper, all 
defined options are analyzed and evaluated through simulation. 
We further propose several LTE-W DL/UL transmission 
modes with different combinations of DL and UL 
transmission options by investigating those modes with DL 
and UL transmissions decoupled. Under this strategy, high-
end wUEs and low-end wUEs can have different transmission 
mode solutions. For example, high-end wUEs can directly 
receive from the BS in the DL for maximum spectral 
efficiency while they can only transmit to the nUE in the UL 
for maximum energy efficiency; in the case of low-end wUEs, 
DL transmission can take place either exclusively or partially 
through the nUE in order to maximize energy efficiency.  
 

II. LTE-W ARCHITECTURE 

 
In order to explain the proposed architecture, a cellular 

network topology with multiple PANs is illustrated in Fig. 1. 
Each PAN consists of multiple personal smart devices: High-
end hand-held devices such as smartphones or tablets and 
wearable devices such as wristbands, smart glass, smart ring, 
smart hat, smart watch, etc., with diverse usages, traffic types 
and communication/computation capabilities. 

Within one PAN, the smart device with the highest 
communication/computation capability, usually a high-end 
hand-held device (smart phone or tablet), becomes the PAN 
header by default and will assist the wearable devices of the 
PAN to communicate with the base station (BS) as a relay. We 
denote the PAN header as nUE (network UE) and other 
wearable devices in the PAN as wUEs (wearable UEs). 

All devices support the cellular PHY protocol stack or a 
compatible stack. Wearable devices with independent SIM can 
work in standalone mode, while wearable devices without 
independent SIM can only access the infrastructure with 
assistance from devices with a SIM. The PAN header enables 
power efficient communication with the infrastructure as  

 
Fig. 1   PANs in cellular networks 
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Layer 2 (L2) or Layer 3 (L3) relay [10], and may have dynamic 
priority handling and scheduling to adapt to the channel 
conditions and hybrid automatic repeat request (HARQ) based 
error correction. 

There are two types of links in LTE-W: The cellular-PAN 
link (the link between cellular BS and PAN UEs) and the intra-
PAN links (the links within the PAN). The intra-PAN links can 
operate in both licensed and unlicensed bands. When they 
operate in a licensed band, we use inband relaying for the nUE, 
i.e., the cellular-PAN link and the intra-PAN links share the 
same carrier frequency by time multiplexing. For instance, in 
LTE FDD (Frequency Division Duplex), BS→nUE and 
nUE→wUEs links are time division multiplexed within a 
single DL frequency band, while wUE→nUE and nUE→BS 
links are time division multiplexed within a single UL 
frequency band. 

 

 
Fig. 2 DL time division multiplexed BS→nUE and nUE→wUEs links 
 
 

The set of DL/UL cellular-PAN and intra-PAN time slots, 
which can be conveniently coincide with the LTE subframes,  
can be semi-statically assigned according to channel conditions, 
interference level, traffic volume, etc. Generally, the PAN UEs 
are in close proximity to each other (within 10 meters for 
example) which makes the intra-PAN links to be more 
spectrally efficient than the cellular-PAN links; hence, we can 
typically assign more subframes to the cellular-PAN link than 
the intra-PAN links. In Fig. 2, we show an example of DL time 
division multiplexed BS→nUE link and nUE→wUE link 
subframe assignment using the LTE frame structure, where 2/3 
of the subframes are allocated to the cellular-PAN link 
(subframes #1,#2,#4,#5,#7,#8) and 1/3 of the subframes are 
allocated to nUE→wUE links (subframes #3,#6,#9). In this 
example, in order to facilitate system operation with 
synchronous HARQ for both cellular-PAN and intra-PAN links, 
the nUE forwarding delay can be set to three subframes and the 
HARQ retransmission delay to six subframes. 

The cellular-PAN link and the intra-PAN links can be 
decoupled to allow the development of a scalable wearable 
PAN solution which can be used under various air-interface 
technologies including 4G-LTE and 5G new RAT. The devices 
within a PAN share the same PAN ID, i.e., one PAN (with 
multiple UEs) may appear as a single node from the cellular 
infrastructure perspective. All PAN UEs can listen to the DL 
broadcasting and control/data signals addressed to the PAN ID. 
The PAN header (nUE) manages most of the UL random 
access request and UL control/feedback operation (e.g., CSI 
and HARQ feedback, buffer status report). 

 
III. UL/DL Transmission Options 
 

A. DL Transmission 
 

The different DL communication options under LTE-W 
architecture are illustrated in Fig. 3. 

 
 

 
 

Fig. 3 DL transmission options 
 
 

The DL baseline system, which is used also as a reference, 
is Option D0 and represents the direct transmission from BS to 
PAN wUEs without the help of PAN nUE as shown in Fig. 3a. 

LTE-W DL transmission Option D1 (Fig. 3b) is the 
transmission from cellular infrastructure to PAN wUEs via  
nUE only, i.e., there is no direct BS→wUE communication. 
The operation of BS→nUE and nUE→wUE links is time 
division multiplexed within the same carrier frequency. For the 
intra-PAN network, greedy proportional-fair based scheduling 
per cell is applied in a centralized manner targeting the 
maximization of user throughput per cell, the scheduler 
explicitly taking into account long-term intra-cell interference 
statistics to maximize spatial multiplexing. 

LTE-W DL transmission Option D2 (Fig. 3c) is the 
multicast transmission to nUE and wUEs with dynamic 
switching between direct and relay transmission. The operation 
of BS→nUE and nUE→wUE links is also time division 
multiplexed and Fig. 2 can also be used as an example of LTE-
W Option D2. The transmission from BS can be targeted 
(optimized) either for the PAN wUEs or the PAN nUE, while 
the ''other'' node (nUE if the transmission is targeted for wUE 
and wUE if the transmission is targeted for nUE) can ''listen'' to 
the transmission. To select the direct (BS→wUE) or the relay 
(BS→nUE + nUE→wUE) paths, we compare the proportional 
fair (PF) metric of the direct path with the harmonic mean of 
the PF metrics of the BS→nUE and the nUE→wUE links, and 
select the path with the highest metric. If the nUE successfully 
receives the multicasted information directly from the BS but 
the wUE does not, the BS can defer further retransmission to 
the particular wUE and allow the nUE to perform the 
retransmission to the wUE. 
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B. UL Transmission 
 
     The different UL communication options under LTE-W 
architecture are illustrated in Fig. 4. The UL baseline system, 
which is also used as a reference, is Option U0 and represents 
the direct transmission from PAN wUEs to BS without the help 
of PAN nUE as shown in Fig. 4a. The direct uplink 
transmission is enabled when low-latency communication 
between the wUE and the BS is required and sufficient UL 
transmission power at the wearable device is available for 
coverage purposes (high-end wearables). 
 

 
Fig. 4 UL transmission options 

 
The UL communication Option U1 is always through the 

PAN nUE, i.e., there is no direct wUE→BS link as shown in 
Fig. 4b. In this mode, the PAN nUE transmits all the UL 
random access and control channels to the infrastructure. In 
other words, all random access requests, UL control and 
feedback channels (e.g., CSI and HARQ feedback, buffer 
status report, etc.) are from the nUE to the BS. 

LTE-W Option U1 is designed purposely to enable energy 
saving at the wUEs since they can transmit using ultra-low 
transmission power to the nUE which is in close proximity 
(within several meters in most cases), while all control 
information/signaling to the infrastructure are sent from the 
nUE. Spatial multiplexing and power control will be applied 
for intra-PAN communication. The operation of wUE→nUE 
and nUE→BS links can be time division multiplexed within 
the same carrier frequency. Corresponding to the DL example 
of Fig. 2, we show the UL time division multiplexed 
wUE→nUE and nUE→BS link subframe assignment in Fig. 5. 

 

 
Fig. 5 U 

L time division multiplexed wUE→nUE and nUE→BS links 
 

IV. Different DL/UL Transmission Modes in LTE-W 
 
In this section, based on the proposed transmission options 

in Section III, we further propose several LTE-W DL/UL 
transmission modes with different combinations of DL and UL 
transmission options. Under this strategy, high-end wUEs and 
low-end wUEs can have different transmission mode solutions. 
For example, high-end wUEs can directly receive from the BS 
in the DL for maximum spectral efficiency while they can only 
transmit to the nUE in the UL for maximum energy efficiency; 
in the case of low-end wUEs, DL transmission can take place 
either exclusively or partially through the nUE in order to 
maximize energy efficiency.  
      We show four modes of LTE-W DL/UL transmission 
combinations in Fig. 6-9. In Mode 1, we combine Option D1 
(DL transmission from cellular infrastructure to PAN wUEs 
via nUE only) and Option U1 (UL transmission is always 
through the PAN nUE) as shown in Fig. 6. In Mode 2, we 
combine Option D2 (multicast transmission to nUE and wUEs  
 

 
 

Fig. 6 Mode 1 with combination of Option D1 and Option U1 
 
 

 
 

Fig. 7 Mode 2 with combination of Option D2 and Option U1 
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Fig. 8 Mode 3 with combination of Option D0 and Option U1 
 

 
 

Fig. 9 Mode 4 with combination of Option D0 and Option U0 
 
 
with dynamic switching between direct and relay transmission) 
and Option U1 (UL transmission is always through the PAN 
nUE) as shown in Fig. 7. In Mode 3, DL transmission is 
through baseline only (BS transmits to PAN wUEs directly 
without the help of PAN nUE) and UL transmission is through 
Option U1 as shown in Fig. 8. In Mode 4, DL/UL baseline 
direct transmissions are combined as shown in Fig. 9 (this 
mode can be also considered as the reference system).  
     We can see that in Mode 1 and Mode 4 the DL/UL 
transmissions are through the same links, while in Mode 2 and 
Mode 3 DL/UL transmissions are decoupled to support 
spectrally and energy efficient wearable communications in 
LTE. Note that for LTE-W Mode 2 and Mode 3, wUEs may 
need to support two air interfaces if we use different RATs for 
the cellular-PAN link and the intra-PAN links, while for LTE-
W Mode 1 and Mode 4 wUEs only need one intra-PAN air 
interface.  
 

 
V. Experimental Studies 

     
In the experimental studies, we consider the cellular-PAN 

link as the regular LTE downlink with two transmit (Tx) 
antennas at the eNB. The PAN nUE is equipped with two 
receive (Rx) antennas and one Tx antenna. For the PAN wUEs, 
generally they are equipped with one Rx antenna and we also 
consider wUEs with two Rx antennas for possible high-end 
wearable devices. The nUE is admitted in the cellular network 
as usual, and wUEs can be served by the corresponding nUE 
(belongs to the same person) and form the PAN. SU-MIMO 
transmission and full-buffer traffic are assumed in the 
simulation. 
    For the direct links (eNB→wUEs) and the eNB→nUE link, 
the evaluation methodology is according to 3GPP Case 1 [11] 
and the eNB Tx power is 46 dBm. For the intra-PAN links, the 
ITU-1411 LOS model [12] is used and the maximum UE Tx 
power is 23 dBm. Fractional power control is applied for intra-
PAN links with the optimum parameters being determined 
through simulation search. The cellular-PAN link and the intra-
PAN links operate in orthogonal channels (time division 
multiplexed in this study). In the simulation, we assume five 
wUEs per macro cell and each nUE serves one wUE as an 
initial investigation assumption to facilitate resource allocation 
decisions among the eNB→nUE, eNB→wUE and nUE→wUE 
links. The overall network in this simulation is a seven-site 
hexagonal network with three cells per site. The wUE to nUE 
distance is uniformly distributed between 1-5 meters. 

We show the LTE-W system DL/UL cell average spectral 
efficiency in Fig. 10 and the cell-edge spectral efficiency in Fig. 
11 for low-end wUEs (equipped with one Rx antenna) under 
the above simulation settings for different LTE-W modes. For 
the UL transmission, we also include system performance of 
different wUE maximum transmission power constraints (23 
dBm, 10 dBm and 0 dBm) to demonstrate power savings for 
wUEs under the different modes.  
       From Fig. 10 and Fig. 11 for low-end wUEs, we can see 
that LTE-W Mode 2 gives the best DL performance for both 
cell average spectral efficiency and cell-edge spectral 
efficiency, while in the UL, Modes 1/2/3 (all using Option U1) 
give the same performance and enable wearable operation at 
ultra-low wearable transmission power with high average and 
cell-edge spectral efficiency. Specifically, Modes 1/2/3 allow 
wUE UL transmission under 0 dBm maximum transmission 
power and offers energy-efficiency gains on the order of 1000x 
compared to the UL baseline link (for 23dBm maximum 
transmission power at the wUE). Considering both DL and UL 
transmission performance for low-end wUEs, LTE-W Mode 2 
(with DL multicast transmission from eNB to nUE/wUEs by 
dynamically switching between direct and relay transmission 
and with UL transmission taking place exclusively through the 
nUE), outperforms all other modes. Considering that wUEs 
may need to support two air interfaces in Mode 2 if different 
RATs are used for the cellular-PAN link and the intra-PAN 
links, Mode 1 will be the second best choice for low-end wUEs.  
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Fig. 10 Average spectral efficiency for low-end wUEs 

 
Fig. 11 Cell-edge spectral efficiency for low-end wUEs 

 
 
Next, we investigate the LTE-W system DL/UL cell 

average spectral efficiency and the cell-edge spectral efficiency 
for high-end wUEs (equipped with two Rx antennas) for 
different LTE-W modes and show the results in Fig. 12 and Fig. 
13, respectively. We can see from Figs. 12 and 13 that 
considering both DL and UL transmission for high-end wUEs, 
LTE-W Mode 3 (DL through baseline only and UL exclusively 
through nUE) gives the best cell average and cell-edge spectral 
efficiency performance.  

 
VI. Conclusions 

 
In this work, in order to enable low power operation of 

wearable devices while meeting a diverse set of data traffic 
requirements, we first present LTE-W, a new wearable 
communications architecture based on wireless PAN  
 

 
Fig. 12 Average spectral efficiency for high-end wUEs 

 
Fig. 13 Cell-edge spectral efficiency for high-end wUEs 

 
 
cellular network. For the scenario where all LTE-W links 
support the LTE RAT, three options for DL transmission and 
two options for UL transmission are proposed and evaluated. 
We further propose several LTE-W DL/UL transmission 
modes with different combinations of DL and UL transmission 
options by investigating those modes with DL and UL 
transmissions decoupled. System-level simulations show that 
for low-end wUEs, LTE-W Mode 2 (with DL multicast 
transmission from eNB to nUE/wUEs by dynamically 
switching between direct and relay transmission and with UL 
transmission taking place exclusively through the nUE), 
outperforms all other modes. For high-end wUEs, LTE-W 
Mode 3 (DL through baseline only and UL exclusively through 
nUE) gives the best cell average and cell-edge spectral 
efficiency performance.  
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