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Abstract—In order to meet the high data rate, low latency and
high energy efficiency requirements, the future radio units must
utilise the frequency spectrum available at certain geographical
location efficiently with a minimum amount of hardware. This
requires frequency agility and concurrent multi-standard oper-
ation capabilities at the base and mobile terminals. To utilise
the TV white spaces for mobile and wireless communication
and enable their carrier aggregation with sub GHz LTE bands,
this paper presents a single-chain, reconfigurable, RF digitising,
dual-band receiver comprised of a tunable dual-band antenna,
a reconfigurable digital down converter, a baseband processing
unit and wideband LNA and ADC in the form of an oscilloscope.
The presented dual-band receiver is tested through a hardware-
in-the-loop test-bed which shows that up to 20 MHz aggregate
bandwidths can be achieved. The receiver is able to provide
equivalent error vector magnitude (EVM) performance across a
wide range of frequencies avoiding any inter-band interference.

I. INTRODUCTION

As the forthcoming mobile and wireless communication

systems are being developed to avoid the foreseen capacity

crunch, enabling dynamic spectrum usage is one of the key

requirements to improve spectrum utilisation. Several studies

[1][2][3] have found that, although most of the sub 6 GHz

spectrum has been assigned for various communication tech-

nologies, the usage of this spectrum varies geographically

leading to underutilisation of spectrum. Carrier aggregation

(CA) [4] and cognitive radio (CR) [5] are amongst the key

enabling techniques for the efficient use of spectrum available

at certain geographical location. Therefore, frequency agility

and concurrent multi-band operation are highly important for

the future radio devices.

In addition, the future communication networks are ex-

pected to be highly heterogeneous, working concurrently over

different types of current and future radio access technologies

(RATs), and various communication standards, to meet the

foreseen demands of high data rate, lower latencies and higher

energy efficiency [6]. Therefore, the base stations (BSs) and

the user equipments (UEs) must be equipped with not only

the existing but also the forthcoming mobile and wireless

communication radio units, increasing the total number of

transceiver chains. This will increases the overall system size

and cost. Therefore, the future radio terminals must also

minimise the number of transceiver chains, while allowing

concurrent multi-band, multi-standard transmissions.

Digitising at RF directly can lead to reconfigurable yet

small, power efficient and cost effective radio front ends

[7]. Based on direct RF digitisation, a frequency agile and

concurrent multi-band single-chain radio receiver may resem-

ble Fig.1, which comprises a multi-band tunable analogue

front-end, a multi-band reconfigurable ADC and digital down-

converter (DDC), and a baseband processing unit. In such

receivers, the DDC will frequency translate a digitised multi-

band RF signal to multiple narrowband or single wide-band

baseband signal. In recent years, research in multi-band tun-

able antennas [8], LNAs [9], and reconfigurable ADCs [10]

has started, however, these components are not commercially

available yet.

Fig. 1. Block diagram of a direct RF digitising receiver.

In this paper, a direct RF digitising concurrent dual-band

receiver with capabilities to operate from 560 MHz to 1.1 GHz,

focusing on CA between the TV white spaces (TVWSs) and

LTE bands is presented, and its performance is evaluated

through a hardware-in-the-loop test-bed. The receiver utilises

a tunable dual-band antenna, a DSO acting as a wideband

RF digitiser, a reconfigurable dual-band DDC and a baseband

processing unit.

The EVM results for various CA scenarios between the LTE

and digital terrestrial television (DTT) bands are evaluated

using two concurrent but independent single carrier (SC) trans-

missions. The results show that the narrowband tunable an-

tenna and digital filtering provide significant isolation between

the LTE and DTT bands and minimise inter-band interference.

The results also show that the system performance is almost

identical across the frequency bands of interest.



II. TEST-BED DESCRIPTION

This section details the test-bed set-up at the transmitter

(Tx) and receiver (Rx) ends for the EVM evaluation of two

concurrent transmissions utilising TVWS and LTE bands.

Fig. 2. Block diagram of the RF digitising dual-band test-bed.

A. Transmitter

A system level block diagram of the test-bed is shown in

Fig. 2. At the heart of the hardware-in-the-loop test-bed is the

controller (PXIe-8135) [11], which is essentially a PC running

LabVIEW and MATLAB software packages. The baseband

signal processing takes place in the controller, where two

different baseband I/Q signals are generated in LabVIEW

and sent to the dedicated reconfigurable RF signal generators

(PXIe-5793) [12] operating at two distinct RF frequencies. The

RF output of the signal generators is combined by ZAPD-2-

272-S+ [13] and the combined signal is transmitted through a

wideband antenna (UHALP-9108 A) [14].

B. Receiver

The RF digitising receiver comprises a tunable dual-band

antenna, a digital storage oscilloscope (DSO) [15] acting as

an RF digitiser, a reconfigurable dual-channel digital down-

converter (DDC) and baseband processors.

Fig. 3. Geometry of tunable dual-band antenna.

Tuneable Dual-Band Antenna: The antenna on the Rx side

is designed to support two bands simultaneously with each

band independently tunable specifically covering the DTT and

sub 1 GHz LTE bands. As shown in Fig. 3, this antenna

consists of two slots which are placed perpendicularly to each

other on the ground plane of the UE’s main board and fed

by a 50Ω stripline on the other side of the PCB. The overall

dimensions of the PCB are 100 mm × 40 mm × 1.6 mm, and

the actual antenna size is only 26 mm × 36 mm. Two varactors

(a)

(b)

Fig. 4. Measured antenna reflection coefficient with varying bias voltages of
C1 and C2: (a) Higher band tuning; (b) Lower band tuning.

(BB833) [16] with bias networks are used to tune these two

slots, consequently, two individual tunable frequency bands.

The measured antenna reflection coefficients are shown in

Fig. 4, from where we can see that the antenna lower band

(Fig. 4(b)) -6 dB tuning range covers from 560 MHz to 800

MHz, and the higher band (Fig. 4(a)) can be tuned from 800

MHz to 1.1 GHz, which fully covers the desired frequency

range of 0.6 ∼ 1 GHz. It is also noticed that tuning one band

will not affect the resonant frequency of the other band, which

is very important for this dual-band independently tunable

antenna design. The measured antenna gain is -1.8 dBi at 650

MHz, -2.4 dBi at 800 MHz and -3.9 dBi at 1 GHz.

Digital Down-Conversion and Baseband DSP: The mixed

RF signal detected by the dual-band antenna is directly

digitised by the DSO at a sampling rate of 5 GSPS in the

receiver chain. The controller acquires the digitised signal (or

the raw ADC samples) from the DSO through a direct Ethernet

link, where the DDC and baseband demodulation takes place,

respectively.

The block diagram of a dual-channel DDC is shown in

Fig. 5 along with baseband processing units. DDC provides

frequency conversion and decimation filtering of desired bands



Fig. 5. Block diagram of a dual-channel reconfigurable digital receiver.

before the baseband demodulation takes place. The real dig-

ital RF signal in the form of ADC samples is mixed with

complex outputs of two different digital synthesisers know

as numerically controllable oscillators (NCO). The DDC was

implemented as a direct (or a homodyne) converter. Therefore,

the centre frequency of the two NCOs was set equal to the

carrier frequency of the two signals generated at the Tx. This

provides the baseband I/Q samples for the two channels.

The baseband signal is then passed through a cascaded

integrated comb (CIC) decimation filter, which provides image

and out-of-band rejection, as well as sample rate reduction to

desired level. In this work, the DDC was implemented using

MATLAB DSP function, where the NCO centre frequencies,

the CIC stopband frequency and attenuation, and decimation

factors where configured according to the bandwidth and car-

rier frequency of the incoming signals. The filtered, decimated

baseband signals are then processed in LabVIEW, where the

timing, carrier and phase offsets are removed through the use

of a synchronisation sequence and by locking to the carrier

signal. Then matched filtering is performed before the rms

EVM is estimated through equation (1) [17], where N is the

number of samples received, I and Q are the ideal in-phase

and quadrature levels, and Ĩ and Q̃ are the received in-phase

and quadrature values.

EVMrms =
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III. EXPERIMENTATION, RESULTS AND ANALYSIS

A. Experimental Set-up

Although the tunable dual-band antenna can be operated

from 560 MHz to 1.1 GHz, which can cover all the DTT and

sub GHz mobile bands, in order to avoid any interference to

or from the operating DTT and LTE bands, only unoccupied

LTE and DTT bands were used during the experimentation.

The 8 MHz wide TVWSs present in the Sheffield (UK) region

were used, which correspond to DTT bands 43, 46, 49, 50

and 57, with actual transmission bandwidth of 6 MHz due

to guard band requirements. The adjacent DDT bands 49 and

50 were used as a single transmission channel. Each of these

unoccupied DTT bands were aggregated with a 10 MHz wide

transmission utilising the unoccupied part of LTE band 20,

giving an aggregated bandwidth of 16-20 MHz. The band span

and corresponding centre frequencies (fc) of these bands are

shown in Table I.

TABLE I
THE TVWSS (DTT BANDS) AND LTE BANDS USED IN

EXPERIMENTATION.

Band Span (MHz) fc (MHz)

DTT 43 646 - 654 650

DTT 46 670 - 678 674

DTT 49+50 694 - 710 702

DTT 57 758 - 766 762

LTE 201 791 - 801 796

In order to characterise the concurrent dual-band receiver,

single carrier (SC) QPSK and 16-QAM modulation schemes

with root raise cosine filtering at a roll-off (β) of 0.5 were

used and the rms EVM for each data-link was evaluated.

The experimentation was carried out in a typical working

environment, where the Tx and Rx were placed at a height

of 1.1m with a separation of 2m.

B. Results and Discussion

Table II shows the different combinations of the DTT and

LTE bands used with different types of baseband modulation

techniques to examine the performance of the single-chain

dual-band receiver. Fig. 6 shows the EVMrms vs received

power (dBm) results of the combinations shown in Table II.

Theses results show that for the same modulation format,

the dual-band receiver provides almost identical EVMrms

performance across different combinations of bands, e.g. in

combinations (a), (b), (c), (d) and (e) with QPSK modulation

and in combination (e) and (f) for 16-QAM modulation.

TABLE II
EXAMINED COMBINATIONS OF DTT AND LTE BANDS FOR CA.

Combination Combined Bands Used Modulation
Aggregate

Bandwidth

(MHz)

(a) DTT 43 & LTE 20 Both QPSK 16

(b) DTT 46 & LTE 20 Both QPSK 16

(c) DTT 57 & LTE 20 Both QPSK 16

(d) DTT 49+50 & LTE 20 Both QPSK 20

(e) DTT 49+50 & LTE 20 16-QAM & QPSK 20

(f) DTT 49+50 & LTE 20 Both 16-QAM 20

1Only 791-801 MHz part of this band was used.
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Fig. 6. EVMrms (%) of QPSK and 16-QAM based single carrier signals over carrier aggregated TVWS and LTE bands received through RF digitising
concurrent dual-band receiver. Results from (a) to (f) correspond to combinations listed in Table II.

The results of combinations E and F also indicate the

performance difference between a QPSK and a 16-QAM link.

The EVMrms of 16-QAM transmissions increase sharply as the

received power drops below -84 dBm. This is due to the higher

SNR requirements of a 16-QAM transmission in comparison

to a QPSK transmission.
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Fig. 7. EVMrms (%) of QPSK based single carrier signals over DTT and LTE
bands without CA.

In order to investigate the inter-band interference between

the LTE and DTT bands, experiments without the use of CA

were also carried out, where the EVMrms of QPSK based

SC transmissions over LTE and DTT bands was evaluated

separately. In this investigation, the bands with a small gap

i.e. the LTE 20 and DTT 57, and the bands with a large

gap i.e. LTE 20 and DTT 43 were used. The result of these

experiments are shown in Fig. 7, which when compared to

the results in Fig. 6 show that the EVMrms performance of

the system remains approximately the same irrespective of the

use of CA. This shows that the analogue filtering at the dual-

band tunable antenna and the digital filtering through the CIC

decimation filter is sufficient to avoid any harmful interference

between the LTE and DTT bands. However, further care must

be taken at the transmit side, while working with multi-carrier

signal, where the high PAPR can lead to out-of-band radiation

[18]. The development of techniques such as symbol erasure

[19][20] to mitigate the LTE DTT coexistence interference is

also important.

Overall, this demonstration shows how reconfigurable

single-chain multi-band receivers can be realised through a

multi-band antenna and a reconfigurable DDC. Although the

DDC in this work was implemented on MATLAB, however,

it can also be implemented on an FPGA for real-time trans-

missions. The RF digitising DSO acted as a wide-band LNA

and ADC in this work. However, a final receiver design with

multi-band LNA and multi-band ADC capabilities can further

increase the overall receiver sensitivity. This is a topic of

further research for the authors.



IV. CONCLUSION

This paper presents a reconfigurable RF digitising concur-

rent dual-band receiver, specifically designed to utilise the TV

white spaces for CA with sub GHz LTE bands. The receiver

comprises a tunable dual-band antenna, a wideband LNA

and ADC in the form of an oscilloscope, a dual-band DDC

and a baseband processing unit. The EVM performances of

QPSK and 16-QAM based concurrent transmissions over the

unoccupied DTT and LTE bands are evaluated, which shows

that up to 20 MHz of aggregate bandwidth can be achieved.

The results also show that the system EVM performance

remains equivalent for various CA combinations between the

LTE and DTT bands. The analogue filtering at the receiver

antenna and the digital filtering in the DDC provide good

isolation between the two simultaneously received signals to

avoid any harmful interference.

As a part of future work, the authors are working on

the implementation of representative mobile communication

standards in the test-bed such that the overall throughputs

increments with concurrent transmissions can be estimated.
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