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A Smart Cable System Offering Selective and Distributed Antenna Radiation using RF
Switches and Non-Conventional Hybrid Couplers
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Abstract—A smart cable system and its elements for selective communications and sensor-based data collection within corridors, subways, and
tunnels is proposed with applications to the aeronautical, transportation,
and space sectors. The main hardware components of the cable system
are defined by active and programmable RF switches which can enable
controlled radiation at specific nodes or hotspots. More importantly,
our proposed cable concept provides an evolution from the conventional
coaxial cable with distributed antennas, as well as the classic leaky feeder
cable, which is typically employed for communications within corridors
and mines. Moreover, the proposed smart cable moves towards a hybrid
wireless node and programmable system for selective coverage. Planar
circuits and low-profile RF electronic components are employed for lowcost implementation. In this work, our focus is on the assessment of the
proposed smart cable system, its radiating nodes (RNs), as well as the
estimation of the system performance based on the measurements of the
RN prototypes. Wireless networks, RFID sensors, and power transmission
systems can be additional applications for the proposed smart cable.
System performance estimations for a real corridor satisfy typical RFID
sensitivity requirements with received power levels between -39 dBm and
-46 dBm in the worst case.
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Fig. 1: Proposed schematic of the smart cable and its radiating
nodes (RNs) defining the controllable DAS: parallel (a) and series (b)
configurations are possible. In general, each PCB RN is composed
of couplers, antennas, and RF switches.

I. I NTRODUCTION

M

ANY system design challenges arise for wireless communications in areas where radio frequency (RF) propagation cannot
typically be supported. This includes airplanes, building corridors,
mining tunnels, and subways. Modern aircraft, for instance, can
have many control systems which employ wireless technologies to
acquire data from a large number of sensors [1], [2]. Most of these
conventional systems are cable-based, which can be problematic in
that additional fuel is required to support the weight limitations
during flight. In general, these wired systems can lead to a complex
distribution network of fully shielded cables.
It may be possible for these conventional cable systems, when
hybridized with low cost sensors, PCBs, and other wireless technologies [2], to decrease the complexity and the amount of mechanical
cable harnessing within an airplane. This can decrease the overall fuel
demands on an aircraft [1], [2]. The proposed cable in this work can
be a good representation of these hybrid systems, as it is composed
of controllable wireless sensors, antennas and planar circuitry, and
positioned at specific nodes (see Figs. 1 and 2). Therefore, the
smart cable acts like a distributed antenna system (DAS) whilst
offering selective antenna radiation and controlled RF coverage. It
could replace the more standard, cable-based distribution network
with many sub-cables connected to different wired sensor systems
for data collection within airplanes. Other applications of the smart
cable include new wireless systems within corridors, tunnels, and
subways achieving targeted and selective data communication links,
thereby reducing the transmit power requirements when compared to
the conventional systems.
More classic and non-adaptive DASs have been widely used in
the past for indoor wireless communications [3]. These systems
generally consist of several standard antennas separated by a few
wavelengths and connected by a coaxial cable [3], [4]. Therefore,
the typical range of frequencies for these structures is dependent on
the type of antennas selected for the DAS. Previous studies found in

the literature have been focused on the enhancement of these kind
of systems for the indoor communications such as the analysis of
fading channels [5], [6] or the calculations for the optimum antenna
location [7], [8]. There have also been some research on DASs
in challenging scenarios, e.g. on high speed trains where wireless
coverage is complicated due to continuous handover at high speeds
[9], [10].
On the other hand, the use of leaky feeder antennas (LFAs) or leaky
coaxial cables [11]–[13] is also widely employed for wireless communications within tunnels and metropolitan subways. Such LFAs
can also be considered as a type of DAS and could also be useful
within an aircraft or corridor [14]. Moreover, an LFA could also be
positioned on a space craft or space station to enable RF coverage. In
general, these leaky coaxial cables have small slots machined along
their length which leak a small amount of power in the radial direction
to enable wireless communications [15]. LFAs are typically used
for UHF and VHF bands, but for higher frequencies of operation,
a properly designed LFA is required since greater attenuation can be
observed along the cable [11], [15]. Nevertheless, a few commercial
LFAs can be found for higher frequency communication bands and
some examples have been reported in the literature, as the leaky
feeder designed for International Mobile Telecommunications 2000
working at 2.0 GHz described in [16] or the hybrid system of an
LFA with optical fiber for wideband transmission in [17].
These previous DASs and LFAs do not offer any adaptive and
simple switching mechanism to selectively distribute RF power within
the coverage area, i.e. the antenna radiation is not directly controlled
or programmable along the length of the cable. Given this stage of
DAS and LFA technology development, additional research should be
encouraged to achieve more adaptive and smart systems for wireless
communications and sensor-based data collection. To meet this need
we propose a new type of cable system composed of radiating
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Fig. 2: System dimensions for the investigated coverage within a
corridor. Illustrative example shown with passengers.
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nodes (RNs). Motivations are to achieve simple integration with a
conventional cable while using PCB technology for controllable RF
connectivity. Moreover, our proposed smart cable can provide an
alternative to conventional DASs and LFAs when designing wireless communication systems within aircrafts, tunnels, and subways
offering selective communication links.
A representative smart (series) cable system is studied for proof of
concept for operation at 2.45 GHz. Firstly, a link budget is provided
in Section II and then implementation of specific RNs using active
RF switches and non-conventional 90◦ printed hybrid couplers is
discussed in Section III. System operation of the smart cable is further
examined with two test case scenarios in Section IV. These scenarios
are the ones that would have the maximum possible losses in the
system, i.e. when all the RNs are activated and when only one RN
is working. Other different combinations are possible but not studied
in this paper for the sake of brevity. Comparisons are also made to a
commercial LFA [18]. Some conclusions are discussed in Section V.

RF In
RF In
(a)

Switch

Switch

(b)

RF Out

Fig. 3: (a) Schematic of the first four active RNs with the switches
positioned to obtain the ”ON” state and the unequal-split branch-line
coupler; (b) schematic of the last RN in the ”ON” state.

In order to provide mechanical stability in aeronautical applications
where vibrations and environmental variations can be critical, typical
AWG 7 cable can be used. Consequently comparable losses from
these cables has been taken into consideration for the system design.
On the other hand, threaded Neill-Concelman (TNC) type connectors
may be preferred due to their robustness, but for simplicity, SMA
connectors have been employed for the presented prototype as proof
of concept.

II. S YSTEM D ESIGN AND S MART C ABLE A RCHITECTURE

III. T HE ACTIVE R ADIATING N ODES

Low-cost planar circuits, RF switches, patch antennas and standard
coaxial cables are utilized in our design. In general, our smart cable
system can be composed of N RNs or hotspots periodically spaced
at distances beyond a few wavelengths and connected by standard
coaxial transmission lines as illustrated in Fig. 1. This cable system
allows for the local replacement of any damaged RN or coaxial cable
section avoiding the manufacturing of a completely new cable as in
the case for LFAs. Furthermore, our proposed architecture can be
implemented with linear or circularly polarized antennas and can
be re-designed as needed for the required operating frequency. In
addition, our proposed cable system may have each RN connected
in a parallel configuration or independently (series) as illustrated
in Fig. 1 (a) and (b), respectively. Other topologies are possible,
where several smart cables are connected to a power source with
independent control units, which is the general term to describe the
different elements that could command the RNs (power suppliers,
sensors, etc). Such a programmable network can decide what RNs
are to be switched ”ON” or ”OFF” along the line as required for
controlled radiation, enhanced data communications, and reduced
transmit powers. To the best of the authors’ knowledge such a
controllable cable system and its specific components has not been
investigated previously.
Our cable design system has been considered for RFID standards,
having a total length of 14.4 m, to be located at the top of a typical
corridor, 16 m long, at a height of 2.5 m. To ensure uniform coverage
at the floor, considering a typical RFID sensor technology receiver
sensitivity around -45 dBm [19], an available power of 30 dBm is
required at the cable input. To comply with this received power level
requirements up to five RNs are possible. Moreover, each RN is
designed to provide a transverse coverage range of 3.2 m for a 2.45
GHz operating frequency. This implies that the antenna at each RN
should have a half-power beamwidth of 65◦ . The system coverage
zone is further depicted in Fig. 2.

To ensure uniform RF power coverage, the first RNs must radiate
a smaller fraction of input power when compared to the subsequent
ones. This is achieved by proper design choices of the RNs. In
particular, in our smart cable composed of five RNs, we need the
first antenna to receive 20% of the power entering the first RN, the
second one 25% of the remaining power and so on. This is also
detailed in Table I where the calculated and simulated normalized
power levels entering the antenna of each RN are reported. It should
also be mentioned that these original power absorbed values do not
take into consideration the insertion losses in each RN.
To achieve this unequal power split, non-conventional hybrid
branch-line couplers were designed whose layout schematic is shown
in Fig. 3. The basic operation of this four-port network is that the
power entering the input port, 1, is divided between the two output
ports, 2 and 4, whereas minimal power is coupled to the isolated
port, 3 [20]. By varying the impedance of each pair of the hybrid
arms; i.e. by changing the width of the microstrip lines for the fixed
quarter wavelength lines, different power split ratios can be obtained.

Radiating
Node 2

(a)

Radiating
Node 5

(b)

RF In

RF In

RF Out

Fig. 4: Manufactured and measured structures: (a) Second RN specifically shown here and (b) the last RN.
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where ZOA and ZOB are the characteristic impedances in Ohms
of each pair of branches of the hybrid coupler. Note that to obtain
this unequal-power splitting the impedances ZOA and ZOB (see Fig.
3) should be different from the characteristic impedance (ZO ) of
the microstrip lines connected to the input and output ports of the
branch-line coupler. Also, by inspection of the above equation, when
substituting K = 1 or ZOB = ZO , the more conventional equal
power split √
ratio can be obtained for the hybrid coupler, requiring
ZOA = ZO
2.
As shown in Fig. 3, the first four nodes are composed by:
• Two Active RF Switches. They are located one at the input and
the other at the output of each unconventional hybrid branch-line
coupler. The switches control the power flow depending if the
RN is turned ”ON” or ”OFF”. For the ”ON” case, the power will
be diverted to the antenna for radiation through the input switch.
In the ”OFF” case, the power will continue through a microstrip
transmission line to the output switch. At this switch, different
amounts of power are received depending on the node state
(”ON” or ”OFF”), and are delivered to the next RN through the
connecting cable. The switches used for this implementation are
the SKYA21001 model by Skyworks. To operate these switches
DC power delivered by the control unit is required. This control
unit can be different elements, e.g. the same power source, as
the DC or low frequency signals can be superimposed to the RF
wave to command the switches by means of a DC/DC converter.
As an alternative, the output switch could be replaced by two
microstrip lines connected to two separated output ports (one for
the ”ON” case and other one for the ”OFF” case). Nevertheless,
the use of these two ports could lead to a complex cable
connection and additional unwanted losses for the smart cable
system. Also, preliminary results have been reported in [21]
where the RN was designed using a three-port combiner instead
of an RF switch at the RN output, but higher losses were
observed due to the required transmission line lengths in the
FR4 PCB material.
• The Branch-Line Couplers. As described above by Eq. (1),
the non-conventional hybrids control the fraction of RF power
diverted to the antennas. In each coupler, the isolated port is
connected to a 50-Ω resistor (port 3), and the output ports are
connected to the antenna (port 2) and to the output switch (port
4). The impedance of the transmission line sections of the hybrid
couplers is designed depending on the desired power to be
delivered to the antenna. Theoretical values are then optimized
using CST Microwave Studio R [22], as shown in Table II.
• 50-Ω Inset-Fed Patch Antennas. For demonstrative purposes,
microstrip antennas are chosen and optimized for 2.45 GHz
operation for all the RNs. In addition, linearly polarized patch
antenna configurations are selected.
The fifth and last RN, is designed to receive the remaining power
of the smart cable. This power will be either radiated by the node
antenna or delivered to a 50-Ω load if the node is requested to operate
in the ”OFF” state.
The PCBs for the RNs were etched using an FR4 substrate with a
relative permittivity of 4.4, tan δ of 0.019, and a substrate height of
1.6 mm. These RNs were simulated with the full-wave solver CST R
[22]. The different branch-line couplers control the power split in
each RN, therefore their size will be different (wider for the few first
RNs) and depend on the required split ratio. For the first RN, the

S-Parameters of the Unequal Power Split Coupler

-2

1

Moreover, if the power ratio between ports 2 and 4 is K = (P2 /P4 ) 2
the following equations can be derived.

0.5
K2
ZOA = ZO
and ZOB = ZO K ,
(1)
1 + K2
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Fig. 5: Simulated power diverted to the patch antenna |S21| in CST R
[22] compared to the power routed for continued propagation on the
smart cable |S41|.

desired percentage of power transferred to the antenna is 20% of the
input power, hence the level of power diverted to the antenna will be
about -7 dB whereas the level of power diverted to the output of the
RN will be about -1 dB. The amount of relative power diverted to
the patch and the power diverted for propagation on the transmission
line can be observed in Fig. 5. The isolation levels are also below
20 dB at the design frequency.
The stand-alone RNs without the pair of switches were first
manufactured and measured. The simulated and measured responses
are reported in Fig. 6 and in Table III for the first four RNs.
The picture of each RN PCB, composed of the branch-line coupler
and the patch antenna, is shown in the inset of each sub-figure.
A good agreement with the simulations is obtained. A systematic
small frequency shift can be observed in the isolation and reflection
coefficients; i.e. measured values are about 0.03 GHz higher in
frequency when compared to the simulations. This may be attributed
to fabrication tolerances and to the fact that the SMA connectors
were not included in the simulations. Regardless, proper operation of
these passive boards was confirmed by these RF measurements. Then
the active switches were included for the final design integration.
Measurements of the active RNs show a good agreement with the
expected results, as observed in Fig. 7. This is also true for the
antenna gain and radiation performances of the active RNs, which
were measured with the three antenna test method in the far-field
[23]. In this gain comparison method, two pre-calibrated standard
gain antennas, in our case the Standard Horn 08240 from Flann, are
used to determine the absolute gain of the desired antenna by means
of different gain measurements to formulate a set of three equations
with three unknowns by simple calculations using Friis free-space
formulation [23].
As shown in Fig. 7, the power is routed to the next RN with
a relative power level of -4.9 dB and of -2.8 dB, in the ”ON”
and ”OFF” switches states, respectively. Conversely, if the input and
output switch definitions differ from the ”ON” and ”OFF” RN states
(for example, if the input switch is set for ”ON” state while output
switch set for ”OFF” state), negligible power is delivered to the next
RN. More specifically, less than -17 dB for the unconnected ”OFF”
TABLE I: Relative Power Levels Diverted to the Next RN (for the
Five RNs Configuration as in Fig. 2)
Radiating
Node

Percentage Power
Absorbed

Power Absorbed
Calculated/Simulated (dB)

1
2
3
4

20%
25%
33%
50%

-6.99/-7.01
-6.02/-6.11
-4.78/-4.95
-3.01/-3.44
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TABLE III: Relative Powers Routed to the Next Node

RN 4 S-Parameters

0

2.8

Fig. 7: (a) Measured active RN 2 gain for the ”OFF” and ”ON” states
and for the stand-alone patch antenna; (b) measured S-parameters for
RN 2 (the active RN circuit is shown in Fig. 4(a)).
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Fig. 6: The simulated (dashed line) results in CST R [22] and measured (solid line) response for each RN. The power directed or routed
to the next node is in blue |S21|, whereas the reflection coefficient
|S11| and the isolation |S31| are in green and red, respectively.

path and about -35 dB for the unconnected ”ON” path.
Regarding the far-field gain, it can be observed that the passive
patch antenna has a typical gain of about 2 dBi using FR4. Moreover,
if the ”ON” case is activated the power is being radiated by the RN
with a gain greater than -5 dBi due to the RN substrate losses, but
for the ”OFF” case the gain is about -17 dBi since the majority of the
power is transferred to the next RN. The gain value in the ”ON” case
can be improved simply by modifying the antenna design for each
RN or selecting a higher quality PCB substrate with less dielectric
loss, rather than FR4, for each RN.
TABLE II: Branch Line Coupler Impedances
Radiating Node

K

ZOA (Ω)

ZOB (Ω)

1
2
3
4

0.5
0.577
0.70
1

26.16
26.2
28.03
53

27.07
29.17
33.7
38

Radiating
Node

Percentage Power
Routed

Power Routed
Calculated/Measured (dB)

1
2
3
4

80%
75%
67.67%
50%

-1.00/-2.47
-1.24/-2.65
-1.76/-3.32
-3.01/-4.49

Future design work could also include a more compact RN circuit
and a higher quality substrate for the antenna, in order to improve
antenna gain. Furthermore, the RNs proposed in this work are based
on linearly polarized antennas, and thus some modifications to the
patches or the feeding network are required if circular polarization
is needed. Moreover, the coupler and the patch layouts can be
substituted by a coupled-gap feed configuration or by a proximity
coupled fed patch. However, this would entail a more challenging
design for the patch and coupling feed system, versus, a simpler
and uni-planar power-controlled coupler and RN implementation, as
chosen in this work.
Considering the possible RFID application (see Sec. II and Fig.
2), and data collection between a RN and a tag; once the signal is
received by the tag, the backscattered signal would be sent back to
the RN patch antenna. Branch-line couplers are reciprocal structures
[20], therefore the signal would be carried in the inverse direction;
i.e. port 1 and port 3 being the new outputs, and port 2 and port 4
being the new inputs (see Fig. 3). Then port 4 of the coupler would
be the input for the previous RNs placed between the receiving RN
and the control unit, while port 2 would be the input when the signal
is being received at that RN. In the simplest case of the smart cable
configuration, all the switches would be in the ”ON” state to allow
power flow. Therefore, depending on the total power levels received
at the control unit, the receiving RN could be detected due to the
different power levels expected from each RN. If we take for example
a received power level of 0 dBm at the last RN and apply the split
ratios and coaxial cable losses in each RN, the power received in
the control unit would be around -10.27 dBm while if the receiving
node is the second RN the power would be -3.18 dBm. Nevertheless
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TABLE IV: Power Levels on the System for 30 dBm Input Power
Radiating Node

Test Case 1 (dBm)

Test Case 2 (dBm)

1
2
3
4
5

29.68
26.24
22.8
19.36
15.92

29.68
24.27
18.58
12.38
4.93

TABLE V: Estimated Power Received for an Input Power of 30 dBm
Distance (m)

Smart Cable (dBm)

LFA 50% (dBm)

LFA 95% (dBm)

1.6
4.8
8
11.2
14.4

-25.45
-29.89
-34.33
-38.77
-43.21

-66.26
-66.75
-67.49
-68.98
-71.96

-76.26
-76.75
-77.49
-78.98
-81.96

in more specific systems, the control unit could be chosen so the
switches could be activated or deactivated on demand.
IV. E STIMATED S YSTEM P ERFORMANCE
Given the reported measurements of the RNs in the previous
section, an estimation can be made for the smart cable system performance with five series nodes operating at 2.45 GHz and considering
an available input power of 30 dBm at the smart cable input. Two testcases are considered for general RFID sensor applications in Table
IV with cable length as in Fig. 2. Comparisons are then made with
a commercial LFA [18] and are shown in Table V.
A. Two Scenarios for System Performance Assessments
1) Test Case Scenario 1 - Only the Last RN Radiates: The losses
that have to be taken into consideration are due to the AWG 7 type
coaxial cable (0.2 dB/m), the last RN switch (0.4 dB), and the losses
due to each RN in the ”OFF” state (2.8 dB). Therefore, the power
transferred to the last antenna in this case is about 15 dBm of which
10 dBm is radiated. Thus, considering a passive RFID tag with 0 dBi
gain and accounting for free-space path losses, the power received at
the RFID tag location (illuminated by the last RN) would be about
-39 dBm 2.9 m away from the cable, which, as mentioned previously,
satisfies tag sensitivity requirements [19].
2) Test Case Scenario 2 - All Nodes Radiate: In this case, a
fraction of power is radiated by each RN, thus the power remaining at
the end of the smart cable is much lower than in Scenario 1. Losses
considered here are the same as above, except for the losses due
to the ”OFF” path, which are replaced by the ones incurred in the
”ON” path for each RN (1.9 dB). The power getting to the last RN
is about 4.9 dBm of which 3 dBm is transferred to the antenna. Now
considering a gain of 0 dBi for the passive RFID receiver tag, the
power level at the furthest distance from the ceiling (2.9 m) is about 46 dBm, which is still compliant with RFID technologies sensitivities
[19].
Obtained power levels in these cases are presented in Table IV. The
two scenarios achieved suitable power levels for RFID applications
and thus the smart cable would be able to ensure coverage along
the specified corridor example (see Fig. 2). For low sensitivity
requirements at the tag side, some design enhancements could be
considered for the RNs such as an active switch with improved
isolation (>25 dB) when compared to the SKYA21001 RF switch
model.

B. LFA Comparison
A study of the received power is provided in Table V, which
compares the proposed smart cable system to the performance of
a commercial LFA [18] operating at 2.4 GHz. These calculations
have been done for the Test Case Scenario 2, when all the RN are
activated, as this would be the case with the highest amount of losses.
The receiver is set to be 2 m below the cable where LFA
coupling losses are typically measured, as described in [24]. Two
coupling loss values are provided for the 50% and 95% of reception
probability. Therefore, two different calculations are shown for the
LFA comparison in Table V, which represents the performance of the
LFA in both cases. In this study the receiver moves a distance along
the cable at a fixed height of 2 m. Calculations start at the distance
where the first RN is placed and at the last RN position. Commercial
LFA longitudinal losses are 0.14 dB/m while coupling losses, which
are a consequence of the two possible modes for an LFA (radiating
and coupling), are 66 dB and 76 dB for 50% and 95% of reception
probability, respectively. It can be observed that an improvement of
at least 30 dB of received power is possible by using the proposed
smart cable configuration.
Future work can include the validation of these estimated power
levels, which are based on the individual RN performances. These
complete system measurements would be executed in a corridor of
similar dimensions as stated in Fig. 2.
V. C ONCLUSIONS
A new smart cable composed of RNs, which uses active RF
switches, was proposed for wireless sensor and communication
applications. It offers simple and controlled radiation, clever RF
power distribution, and good integration with active elements for
”ON”/”OFF” switching to enable selective data communication links.
Appropriate design of the non-conventional branch-line couplers for
each RN is essential for proper system performance. More importantly, the proposed cable design and active RNs represents a new
innovation for wireless data connectivity within tunnels, buildings,
airplanes, and corridors while also enabling new cable systems which
are smart, low-cost, programmable and more flexible than other
existing technologies such as DASs and LFAs.
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