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Abstract 

This paper presents brief technical aspects of a spectrally efficient multiple-input 
multiple-output (MIMO) prototype radio-camera system developed by BBC R&D. 
Radio-cameras are usually used to broadcast live coverage of events and this 
prototype system uses half of the required channel (usually 10MHz frequency 
bandwidth) compared to conventional radio-cameras and hence the name of the 
system as halfRF. This has attracted a lot of interest within the outside broadcast 
(OB) community where frequency spectrum allocated for programme making and 
special events (PMSE) are limited and under pressure from other users of the 
spectrum. The halfRF system is mainly based on the DVB-T standard but it also 
incorporates advanced features adopted in DVB-T2 and DVB-NGH. This paper 
then describes a programme trial during a high-profile sports event, the Six 
Nations Rugby Union match between England and Italy at Twickenham stadium 
(London) in March 2013. The article concludes with the latest development of the 
system and future research by the team. 

This document was originally published in the Asia-Pacific Broadcasting Union 
(ABU) Technical Review No. 256 October-December 2013. 
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1 Introduction 

Digital radio-cameras have been very important in programme-making especially in newsgathering 
and in sports coverage where flexibility for the cameraman to move around freely is necessary. 
However they generally use frequency spectrum which is highly sought after by other wireless 
systems or networks. This inherently puts pressure on broadcasters to make use of the allocated 
frequency spectrum more efficiently. In recent years the availability of these frequencies is 
diminishing in Europe, especially in the UK, and there is a tendency to push radio-camera 
operation towards utilising higher frequency bands which are less favourable. 

In view of these challenges  BBC Research & Development in the UK  decided to look at 
developing techniques to provide robust and spectrally efficient HD radio-cameras at Programme 
Making and Special Events (PMSE) frequencies, i.e. mainly at 2GHz and 7GHz. The key 
ingredient in addressing these challenges is to use Multiple-Input Multiple-Output (MIMO) 
technologies together with Coded Orthogonal Frequency Division Multiplexing (COFDM) which is 
well understood. The team at BBC R&D has achieved a significant milestone where a prototype 
MIMO system (named halfRF) was developed and successfully trialled in the field. 

The halfRF system delivers HD quality video of 
20Mbps payload in 5MHz bandwidth at the 2GHz 
PMSE frequency band. Radio-cameras in the UK 
usually operate in 10MHz channels and this means 
that two halfRF systems can operate in a single 
channel allocation. Effectively this is doubling the 
number of radio-cameras used in the same number of 
allocated channels. Hence this has attracted a lot of 
interest in the UK especially by Ofcom, the UK 
communications regulator, and some industry-wide 
groups. 

This article first outlines the technical aspects of the 
halfRF system before describing a programme trial of the system in a high-profile sports' event, the 
Six Nations Rugby Union match between England and Italy at Twickenham stadium (London) in 
March 2013. The article concludes with the latest development of the system and future research 
by the team. 

2 The MIMO Approach 

Using multiple antennas on both sides of the wireless link (MIMO system) has the potential to 
increase spectral efficiency and robustness of the system. It is widely acknowledged that MIMO 
technology will play a key part in the future of wireless communications. MIMO technology has 
come a long way from just being an academic study and now it is finding its way into new wireless 
standards such as Long Term Evolution-Advanced (LTE-Advanced), IEEE 802.11ac, Wireless 
Home Digital Interface (WHDI), WiGig, etc. 

For the general case of a MIMO system with mt transmit and mr receive antennas, the input and 
output relationship of the system can be represented by the equation: 

  nHsx +=  ,         (1)  
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where x is the received vector of size mr, H is the mr × mt complex channel matrix, s is the vector of 
mt transmitted symbols chosen from a complex constellation C, and n is the complex additive white 

Gaussian noise (AWGN) with variance σ2 (per receive antenna) of size mr added to the system. 

 

Figure 1: The halfRF MIMO overview system diagram 

 

The halfRF radio-camera is based on a 4-by-4 (4x4) MIMO system as shown in Figure 1.  It uses 
two pairs of linearly cross-polarised antennas at both the transmit and receive ends. This allows 
the system to work effectively in a high multipath environment (typically indoor) and also in 
environments where a strong line-of-sight component is dominant (typical of some outdoor 
locations). The system uses a spatial multiplexing scheme where the incoming data is split into two 
streams but before sending the streams to the transmit antennas a pre-coding matrix is applied to 
the streams. This pre-coding modifies the signal of one pair of the cross-polarised antenna to 
minimise the unwanted beamforming effects. The overall system equation is therefore of the form: 

 

   ,     (2) 

 

and the coded transmitted data is given by: 

 

   ,     a = 0, 1, … , (    (3) 

where Ncells is the number of cells in an error-correcting codeword. (N.B. identical processing is 
applied to the pilot cells, as well as data cells). 

From equation (3) the transmitted data vector  is generated by pre-coding the data streams  

and . The first two symbols of  are unaltered versions of the original data while the next two 

give the effect of pre-coding equivalent to circular polarisation. 

On the receiving side the halfRF demodulator uses a soft-decision brute-force maximum-likelihood 
(ML) decoder. This is an optimum decoder where it works out the log-likelihood ratio (LLR) of every 
bit of the transmitted symbols and these LLRs are calculated over all possible symbol 
combinations. 
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3 System Architecture 

With intimate knowledge of all the mobile and terrestrial DVB standards the team was able to pick 
and choose useful elements in those standards for a MIMO radio-camera system. The halfRF 
system is mainly based on the DVB-T standard but incorporates advanced techniques adopted in 
DVB-T2 and DVB-NGH standards. The halfRF system comprises a camera-back transmitter and a 
receive system as shown in Figure 2. 

 

 

 

 

 

 

 

 

 

Figure 2: halfRF transmit and receive system 

 

Since halfRF is a prototype radio camera system to show the spectrum efficiency gained by using 
MIMO technology, the return-link for camera controls and tally are not part of the prototype. The 
return-link in a conventional radio camera system is usually on a separate radio frequency (RF) link 
anyway. 

The system specification for halfRF is listed in Table 1. 

MIMO dimensionality 4x4 

Operating frequency 2.035 GHz 

Spectral occupancy 4.75 MHz 

Payload data-rate 20.1 Mbps 

Modulation 16-QAM rate-2/3, GI = 1/32 

Time-interleaving 0 - 12.5 ms (adjustable) 

Time delay 13 ms + time-interleaving 

OFDM carriers 853 (756 data carriers) 

Demodulation Maximum-likelihood decoding (brute force) 

Table 1: halfRF System Specification 

 

The camera-back transmitter architecture is shown in Figure 3: 

  

 

 

 

 

Figure 3: halfRF camera-back transmitter 
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The video output from the camera is connected straight to the H.264 video encoder board via the 
HD-SDI connector. The encoded video is then passed on to the MIMO modulator board where all 
the MIMO processing including the pre-coding is done. The up-conversion to 2GHz is carried out 
on a separate board where filtering and amplification is performed. The amplified signals are then 
fed to two cross-polar antenna pairs with a +17dBm nominal output power to each antenna. 

The receiver architecture of the halfRF system is shown in Figure 4. 

 

 

 

 

 

Figure 4: halfRF receiver 

The cross-polar patch antennas are attached directly to the head-end unit to maximise the RF 
performance on the receive end of the system. The head-end units down-convert the received RF 
signals to an intermediate frequency (IF) of 140MHz before sending it down the cable to the 
receiver crate which could be a few hundred metres away. The H.264 decoder finally decodes the 
DVB-ASI transport stream back to HD-SDI before formatting it back to the required video output 
signal. 

4 Programme Trial 

4.1 Trial Setup 

The halfRF system has been used at a few live BBC programmes in the UK and this paper will 
highlight the programme trial for the Six Nations Rugby Union match at Twickenham stadium 
(London) in March 2013. Figure 5 shows the stadium setup for the programme trial and the 
required pitch-side coverage area. The halfRF system was one of the four radio-cameras used in 
addition to six fixed wired-cameras for the coverage of the live rugby match. 

The receive antennas were placed on two rigging platforms located on the first level gantry 
separated by about 30 metres. This separation offers a receive diversity advantage for the system 
and helps to maintain a strong receive signal from the roaming halfRF radio-camera on the pitch. 
The placement of the receive antennas was not ideal because of the metal works of the rigging 
platform (as shown in the inset pictures) but that was the only place where the antenna could have 
been positioned to avoid obscuring the view from the audience behind yet still being within the 
security net of the platform. 

When the halfRF camera-back transmitter is in operation, both the Rx1 and Rx2 receive antennas 
would be picking up the transmitted signals and the head-end units would be downconverting them 
to the 140MHz IF. These pairs of IF were then fed to the receiver crate located in one of the rigging 
platforms before sending the DVB-ASI stream to the Outside Broadcast (OB) Communications 
truck located outside the stadium via optical fibre. The DVB-ASI stream was then decoded into HD-
SDI before feeding it into the video matrix of the OB operation. This was just one way of setting up 
the system and usually in an OB operation the antenna head-end units would be cabled straight to 
the OB Communications truck where the receiver crate is mounted. The reason for having the 
MIMO demodulator on the rigging platform was to allow the team to setup a monitoring station to 
learn how the halfRF system behaved and to gain practical experience in MIMO transmission. 
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Figure 5: halfRF setup for Twickenham Programme Trial 

 

4.2 Coverage 

The requirement for the halfRF system was to provide 
coverage on the pitch, entrance tunnels and also into the 
players’ tunnel as indicated in Figure 5. The halfRF system 
actually was able to cover the inside of the whole stadium 
including the entire seating area. There was also limited 
coverage inside the players’ changing room where 
conventional radio-camera systems are not able to cover at 
all. Although the stadium is quite open it offered a degree 
of multipath propagation which is ideal in a MIMO system 
and the system was able to cover substantially more area 
than other conventional radio-camera systems. 

From other programme trials, the halfRF system should be 
able to cover the entire pitch of the stadium with only one 
of the antenna head-end units and this means that the 
second pair of antennas can be mounted more strategically 
if the system is required to cover a more obscure location 
such as the players’ changing room or the stadium’s grand 
entrance where the players enters the stadium from their 
coaches. 
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4.3 Result & feedback 

The halfRF system was rigged a day before 
the match day to ensure that the system 
performed properly and to check the 
limitations of the system. The system worked 
as expected around the pitch, and it was 
noted by the OB operations team that the 
system worked at least as well as other 
conventional full-width radio-cameras with 
better video quality. This shows that the 
halfRF MIMO link offers performance with as 
good range and robustness as other 
conventional systems, countering a 
misconception in the industry that MIMO 
systems are range limited. 

This programme coverage is the first sports coverage with the halfRF system and the team was 
able to gather valuable information on the MIMO system performance. This has helped to refine 
future research ideas and concentrate on specific elements of the system. 

5 Developments and Conclusion 

With the information gathered and lessons learnt from this Twickenham trial and others the team 
has put a lot of research effort into a new pre-coding matrix and advanced techniques in the MIMO 
channel estimation to help with the decoding. These developments have been incorporated in the 
latest halfRF system and initial tests have shown that they bring significant improvements. The 
time interleaving depth has been increased and a new forward error correction (FEC) code, Low 
Density Parity Check Code or LDPC, has been fully integrated into the system. 

The team is also currently undertaking research a high bitrate system to support 4k radio-camera 
transmission and to realise a robust radio-camera system operating at higher frequency bands 
(e.g. 7GHz). Hence more work is required in respect of all parts of the system, especially in 
antenna design, modulation and coding, system architecture and advanced decoders. 

This Twickenham programme trial has proven that the halfRF MIMO technology is able to transmit 
a reliable HD service in half of the required PMSE channel at 2GHz. Put simply, this advanced 
modulation technique is able to double the number of radio-cameras used for the same frequency 
allocation. This is particularly attractive for very high-profile sporting events such Formula One 
where there is always a shortage of PMSE frequencies for radio-cameras, especially in the UK. 
The use of MIMO technology for broadcast radio-cameras has been shown to offer a much more 
efficient use of the spectrum and we are now looking forward to working with industry partners to 
take this technology forward to become a fully commercial proposition. 

 

 




