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Abstract—The rapid development of solid-state lighting 

technologies has been the stimulus for visible light 

communications (VLC) to be the focus of enormous interest over 

the last decade. The key feature of simultaneous data transmission 

and illumination using white light-emitting diodes (LEDs) makes 

VLC a potential candidate for future power efficient 

communication networks that aim to meet the ever-increasing 

demands for high-speed internet services. Researchers, motivated 

by the success of VLC technology, have developed a number of 

techniques and methods to support communication systems with 

both high transmission speeds and spectral efficiency. Here, we 

provide an overview of the multi-band carrier-less amplitude and 

phase (m-CAP) modulation technique enabling highly spectrally 

efficient VLC links in bandlimited environments. 

 
Index Terms—multi-band carrier-less amplitude and phase 

modulation, spectral efficiency, visible light communications 

I. INTRODUCTION 

HE existing radio frequency (RF) based wireless 

communication technologies cannot cope with the 

increasing demands for high-speed data traffic, which is 

expected to grow sevenfold between 2016 and 2017 [1].  

The commercially available RF spectrum has already been 

exhausted, thus leading to the spectrum crunch that needs 

urgent attention. There are a number of possible options to 

address this problem including allocation of new spectra, which 

is highly expensive, spectrum hoping, sharing and borrowing, 

advanced modulation and coding schemes, interference 

elimination, and parallel transmission. Alternatively, the carrier 

frequency could be shifted to the optical domain i.e., optical 

wireless communications (OWC), which covers the three main 

bands of visible, infrared and ultraviolet, thus offering an 

alternative solution for future broadband services in indoor and 

outdoor environments [2]. The infrared and ultraviolet bands 

are mostly used in outdoor applications for line-of-sight (LOS) 

and non-LOS links, whereas the visible band has been widely 

adopted in the indoor environment [3]. As a part of OWC, 

visible light communications (VLC) has been the focus  

of enormous attention due to a few key advantages including  

(i) high and unregulated bandwidth (in the order of THz);  
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(ii) immunity to electromagnetic interference; and (iii) inherent 

security, as light is confined within walls. VLC systems benefit 

from current solid state lighting (SSL) technologies, utilizing 

white light-emitting diodes (LEDs), which are already widely 

used in buildings etc. Employing LEDs bring additional 

benefits such as cost-effectiveness and low power consumption. 

Thus, VLC could be seen as an ideal possible candidate in 

multi-technology fifth generation (5G) wireless access 

networks, which are expected to be deployed beyond 2020 [4]. 

Therefore, VLC based wireless systems utilizing existing 

lighting infrastructures are a promising and complementary 

way forward to meeting the aforementioned bandwidth 

demand. In addition, VLC systems could readily be deployed 

in an Internet of Things (IoT) context within wider smart 

networks [5, 6]. Despite a number of benefits, there are several 

challenges in VLC that require research, namely a low LED 

modulation bandwidth (in the order of MHz), dimming control 

or shadowing of the LOS communications link. 

To achieve higher transmission speeds in bandlimited VLC 

systems, a number of techniques have been reported [7-9]. 

Spectrally efficient modulation formats such as orthogonal 

frequency division multiplexing (OFDM), pulse amplitude 

modulation (PAM) or carrier-less amplitude and phase (CAP) 

modulation are popular options for increasing data rates. Multi-

level PAM (L-PAM) is an attractive scheme due to its high 

spectral efficiency (increased by the higher number of levels), 

but at the cost of lower power efficiency. However, L-PAM 

systems are sensitive to the nonlinear electro-optics 

characteristics of the LEDs. To overcome this, in [10] a 

superposed PAM system utilizing spatially separated LEDs was 

demonstrated to transmit signals with different amplitudes.  

The signals combined by superposition in free space results in 

multi-level modulation. OFDM is very popular in bandlimited 

VLC systems due to the relatively simple implementation using 

inverse fast Fourier transforms (IFFTs) and FFTs, higher data 

rates and robustness to inter-symbol interference (ISI) [11, 12]. 

However, power efficiency in OFDM needs to be addressed due 

to the high peak-to-average power ratio (PAPR), which 

ultimately results in signal distortion due to nonlinearity of the 

LED sources [13, 14].  
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The experimental work reported in [15] showed that CAP 

modulation outperforms OFDM in terms of transmission speed 

using the same physical link. Nevertheless, a flat frequency 

response, which is required for optimal CAP performance, 

represents a substantial challenge towards implementing CAP 

in VLC. Thus, a multi-carrier CAP (m-CAP) scheme was 

introduced (at first for optical fiber links) by splitting the 

available bandwidth into m sub-bands (sub-carriers) [16, 17].  

This relaxes the flat-band response requirement and allows 

utilization of bit- and power-loading algorithms in order to 

adapt a number of bits/symbol to every individual sub-carrier.  

In this paper, we give an overview of the m-CAP format 

adopted in VLC systems. First, the principal of m-CAP is 

described in Section II. Both experimental and theoretical 

research works are then discussed in Section III. Finally, 

conclusions and our vision of the future of m-CAP are given in 

Section IV. 

II. PRINCIPLE OF M-CAP 

The schematic block diagram of an m-CAP system is 

illustrated in Fig. 1. First, m independent data streams Dn, where 

𝑛 = {1, 2, … , 𝑚}, are generated and mapped into M-quadrature 

amplitude modulation (QAM) symbols, where M = 2k 

represents the order of QAM, and k represents the number of 

bits/symbol. The up-sampling (‘UP’ in Fig. 1) by means of zero 

padding follows and data is split into the real (in-phase I) and 

imaginary (quadrature Q) components. The I and Q data are 

then passed through I and Q square-root raised cosine (SRRC) 

pulse shaping filters, respectively. Note that, 2m filters are 

utilized in both the transmitter (Tx) and the receiver (Rx), thus 

resulting in an overall 4m filter requirement in the proposed  

m-CAP system, which introduces a major computational 

complexity issue. The transmit filters are finite impulse 

response (FIR) filters with the impulse responses orthogonal in 

the time domain i.e., 90° phase shifted, resulting in the 

formation of a Hilbert pair. They are generated as a product of 

a cosine and sine waves, with the impulse response of the SRRC 

filter for I and Q filter, respectively as shown in Fig. 1 for the 

1st sub-carrier n1, respectively. The carrier frequencies of the 

individual sub-carriers are given by the frequency of a 

cosine/sine wave. The impulse responses for I and Q filters are 

given by [18, 19]: 
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respectively, where Ts is the symbol duration, γ = πt/Ts and  

δ = 1+β. The SRRC filter roll-off factor β is set within the range 

of 0 ≤ 𝛽 ≤ 1, which determines the bandwidth requirement. 

Hence, the total signal bandwidth is then given as  

𝐵𝑡𝑜𝑡 = 𝐵𝑠𝑖𝑔(1 + 𝛽), where Bsig is the signal bandwidth (or the 

symbol rate). Note that, lower values of β are typically used to 

increase spectral efficiency as far as possible, as can be found 

in the literature [16]. The output signal of the m-CAP Tx, which 

is used for intensity modulation of an LED, is given by [18]: 

 
Fig. 1: The m-CAP schematic block diagram. The data streams Dm are generated and mapped into the appropriate QAM constellation. The signal is up-

sampled (‘UP’), split into real and imaginary parts and passed through the pulse shaping transmit filters. The output signal 𝑠(𝑡) is generated as a sum of m 
individual signals and used to modulate an LED. After passing the AWGN channel, the signal is detected (‘DET’) and matched filtering is performed. Down-

sampling (‘DOWN’) and demodulation follows before the received bits are estimated (‘E’) and BER is calculated. Inset are examples of 16-QAM 

constellation diagram at the Tx, the impulse responses of I and Q pulse shaping filters for the subcarriers n1, the frequency spectrum and constellation diagram 
of the received signal. 
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𝑛(𝑡) ⊗ 𝑓𝐼
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𝑚
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where ⊗ represents the time domain convolution and 𝑠𝐼
𝑛(𝑡) and 

𝑠𝑄
𝑛(𝑡) are I and Q M-QAM symbols for the nth subcarrier, 

respectively. The received signal is given as: 

 

𝑦(𝑡) = 𝐺𝑠(𝑡)  ℎ(𝑡) + 𝑛(𝑡), (4) 

 

where ℎ(𝑡) is the channel impulse response,  and G stand for 

the responsivity and the gain of the photodiode, respectively, 

𝑛(𝑡) is the additive white Gaussian noise (AWGN) with zero 

mean and variance of N0/2, where N0 is the power spectral 

density. 

Following detection at the Rx, matched filtering is 

performed using I and Q Rx filters 𝑔𝐼
𝑚(𝑡) = 𝑓𝐼

𝑚(−𝑡) 

and 𝑔𝑄
𝑚(𝑡) = 𝑓𝑄

𝑚(−𝑡), respectively. The data is then down-

sampled (‘DOWN’ in Fig. 1) and de-mapped into the M-QAM 

symbols. The received bit sequences are then estimated (‘E’ in 

Fig. 1) to determine the link bit error rate (BER). Further details 

on m-CAP modulation can be found in [20, 21] and the 

references within.  

III. PERFORMANCE ANALYSIS OF M-CAP SYSTEMS 

As already stated, the m-CAP scheme was originally 

designed for fiber communication systems, which resulted in 

the slightly increased data rate, higher bandwidth efficiency and 

lower dispersion compared to a traditional 1-CAP [16]. In [17], 

the multi-band approach was reported to support multi-user 

access network with 9.3 Gb/s/user. A number of research 

reports can be found in the recent literature illustrating the 

interest and feasibility of m-CAP for fiber infrastructures [22, 

23]. A novel three-dimensional (3D) m-CAP system was 

investigated in [24] showing the improved performance in the 

fiber dispersion over the conventional 3D-CAP scheme.  

Thus, motivated by the aforementioned results, the m-CAP 

scheme was adopted for VLC applications. 

A. Theoretical Studies 

Detailed analysis of the m-CAP performance in a 

bandlimited VLC system was reported in [20]. The BER 

performance of the individual sub-carriers were determined 

using realistic system and device models through numerical 

simulations. It was shown that higher order sub-carriers are 

more prone to the attenuation introduced by the LED frequency 

response, which significantly degradates their BER 

performance as illustrated in Fig. 2 for a 5-CAP system. 

Moreover, it was found that the predicted spectral efficiency 

can approach ~10 b/s/Hz for m = 20, which is promising for 

future spectrally efficient optical systems. 

Another theoretical study of m-CAP was reported in [19] 

showing an improvement in the data rate by up to 40% 

compared to the traditional 1-CAP in a highly bandlimited 

system (i.e., the LED modulation bandwidth, which was 1/10 

of the available Bsig). Next, in [25] m-CAP with a decision 

feedback equalizer (DFE) was investigated showing an 

enhanced BER performance for lower order m-CAP compared 

to higher order systems where DFE fails to introduce BER 

improvement.  

Normally, the sub-carriers are distributed evenly within the 

Btot in m-CAP. However, the unequal sub-carrier distribution 

introduces additional performance improvements as 

demonstrated in [26, 27]. In comparison to conventional  

m-CAP, allocating the entire LED modulation bandwidth to the 

1st sub-carrier while the rest of sub-carriers are split equally 

over the remaining Btot (i.e., outside the LED modulation 

bandwidth) results in: (i) decreased computational complexity 

by reducing the number of FIR filters by 80%, 75%, 67% and 

50% for m = 10, 8, 6, and 4, respectively [26], which is 

significant; and (ii) improved achievable data rates by up to 

36% for m = 6, see Fig. 3 [27]. 

The Tx and Rx FIR filter parameters have a substantial 

impact on the system performance and computational 

complexity. In [21], the BER performance of the m-CAP 

system using different filter parameters (i.e., β and the filter 

length Ls) was investigated using numerical simulations. It was 

demonstrated that, both filter parameters considerably improve 

the system BER performance, see Figs. 4 (a) and (b) for a  

5-CAP link. Deploying filters with Ls > 12 was shown to be 

impractical, which is an important finding towards real time 

implementation. Both parameters were demonstrated to 

significantly impact channels with higher signal-to-noise ratio 

(SNR) levels.  

 
Fig. 2: The BER against the SNR for 5-CAP scheme showing the BER 
improvement for low order sub-carriers [20]. 

 

 
Fig. 3: The comparison of the predicted total bit rates against the bit 
energy to noise ratio (Eb/N0) for conventional and variable 6-CAP 

schemes [27]. 

 



 

B. Experimental Demonstrations 

To date, the number of experimental reports of the m-CAP 

format in VLC is limited, since the majority of prior art focused 

mainly on the theoretical investigations as discussed above.  

In [28], a high-speed VLC system based on 3-CAP 64-QAM 

for a multi-user scheme supporting an overall bit rate of  

1.35 Gb/s for a BER of 3.8×10-3 was demonstrated.  

The individual sub-carriers were transmitted on different 

wavelengths of the individual chips of the red-green-blue 

(RGB) LED. On the other hand, it was shown that the multiband 

approach has higher requirements on PAPR compared to  

1-CAP, which is a substantial drawback. 

The concept of m-CAP was further demonstrated in [18, 29] 

by increasing the order of m-CAP. In [18], the available 

bandwidth was split into m = {2, 4, 6, 8, 10} sub-carriers and 

the measured results were compared to the conventional 1-CAP 

system, see Fig. 5. To maximize system performance, a bit 

loading algorithm was applied. As can be seen, the higher 

throughput is supported when increasing the system order m. 

For the 10-CAP scheme, the bit rate and spectral efficiency are 

31.53 Mb/s and 4.85 b/s/Hz, respectively, with the BER below 

the 7% forward error correction (FEC) limit 3.8×10-3. At the 

time of writing, it was the highest spectral efficiency in VLC 

measured at a transmission distance of 1 m. Thus, the report 

demonstrated that a higher number of sub-carriers results in a 

more accurate flat-band response approximation, and hence, 

higher SNR was measured for individual sub-carriers with 

improved data rates. However, the computational complexity 

was increased accordingly, recalling that 4m filters are required, 

overall. 

In [30], the experimental demonstration of 4 × 4 multiple-

input multiple-output (MIMO) VLC system based on m-CAP 

was reported for a range of m, link distances and Btot showing 

the trade-off between the measured data rate and spectral 

efficiency. By combining these two schemes (i.e., space and 

frequency multiplexing), the overall data rate of ~249 Mb/s was 

measured for m = 20 and Btot of 20 MHz at a link distance of  

1 m and a BER of 10-3. The improvement in the spectral 

efficiency by up to 5.81 b/s/Hz per a channel for m = 10 and  

Btot = 5 MHz was achieved using the same transmission span of 

1 m compared to the previous experiment reported in [18], 

which is a significant improvement, but with a further increase 

in computational complexity rising with the number of parallel 

channels.  

Based on the results published in [21], the m-CAP VLC 

performance was experimentally investigated utilizing different 

filter parameters (i.e., β and filter length Ls) as in [31].  

The report showed that lower order systems can offer the same 

system performance as higher orders but, crucially, at much 

lower computational complexities. On the contrary, higher 

 
Fig. 4: The BER performance of 5-CAP system against: (a) the roll-off 

factor β, and (b) filter length Ls. Increasing both parameters improve the 

BER performance significantly [21]. 

 

 

 
Fig. 5: The measured bit rate and spectral efficiency for different order 
of m-CAP with exponential fitting [18]. 

 

 
Fig. 6: Experimentally measured spectral efficiencies for 10-CAP for a 

range of β and Ls [31]. 



 

order m-CAP (i.e., m ≥ 6) can be designed with the same filter 

parameters (i.e., β and Ls) to support both the highest 

transmission speed and spectral efficiency, simultaneously.  

In comparison to [30], the spectral efficiency was slightly 

increased by up to 5.94 b/s/Hz for 8-CAP at a 1 m distance.  

The example of measured spectral efficiencies of the 10-CAP 

system for a range of β and Ls is illustrated in Fig. 6 with the 

highlighted highest spectral efficiency measured in 10-CAP. 

IV. CONCLUSION AND FUTURE OUTLOOK 

In this paper, we presented an overview on m-CAP 

modulation adopted in a VLC system. The concept of multi-

band approach of classical CAP scheme was adopted from 

optical fiber communications and a number of research works 

have been published showing the huge potentials of m-CAP. It 

was reported that m-CAP outperforms the single CAP system 

in terms of both the data rate and spectral efficiency. Moreover, 

the predicted values of spectral efficiency can reach up to 10 

b/s/Hz for m = 20. The highest experimentally demonstrated 

spectral efficiency was 5.94 b/s/Hz for 8-CAP at a transmission 

span of 1 m, which is significant and still provides enough 

headroom for further improvement compared to the 

theoretically predicted values. The majority of the system 

complexity is introduced by the pulse shaping filters, hence a 

new concept of m-CAP where the entire LED modulation 

bandwidth was allocated to the 1st sub-carrier, was introduced 

in this work. Such a scheme reduced the number of FIR filters 

by 80%, 75%, 67% and 50% for m = 10, 8, 6, and 4, 

respectively, and even outperforms the traditional m-CAP in 

terms of the data rate by up to 36% for m = 6. 

The presented results have built a strong base for future 

research, which will be focused among others on the further 

reduction in the computational complexity, as well as 

increasing both the transmission speed and spectral efficiency 

with the emphasis on the experimental campaigns. 
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