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Abstract
Digital-intensive RF transmitters using delta-sigma modulation have a compact physical foot-
print, enabling a low-cost mobile MIMO transmitter for 5G systems, but suffer from a high
noise floor due to quantization errors. In order to eliminate the need of high-Q multi-band RF
filters for attenuating such high noise floor, this paper for the first time presents a multi-band
noise cancellation technique for digital-intensive transmitters based on concurrent multi-band
delta-sigma modulation. Using an asymmetric RF power combiner, an experimental imple-
mentation realizes the bandpass noise cancellation for non-contiguous interband carrier aggre-
gation of 835 MHz and 1450 MHz bands. For 40-MHz aggregated bandwidth, the proposed
noise cancellation technique achieves ACPR better than -47 dB and -42 dB for the low-band
and the high-band, respectively. With the dual-band prototype with a 6-GHz sampling rate,
the proposed technique needs three times less bandwidth for noise cancellation signal com-
pared to conventional feed-forward techniques, and thus the sampling rate requirement on
noise cancellation path can be significantly relaxed.
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Abstract—Digital-intensive RF transmitters using delta-sigma 

modulation have a compact physical footprint, enabling a low-cost 
mobile MIMO transmitter for 5G systems, but suffer from a high 
noise floor due to quantization errors. In order to eliminate the 
need of high-Q multi-band RF filters for attenuating such high 
noise floor, this paper for the first time presents a multi-band noise 
cancellation technique for digital-intensive transmitters based on 
concurrent multi-band delta-sigma modulation. Using an asym-
metric RF power combiner, an experimental implementation 
realizes the bandpass noise cancellation for non-contiguous inter-
band carrier aggregation of 835 MHz and 1450 MHz bands. For 
40-MHz aggregated bandwidth, the proposed noise cancellation 
technique achieves ACPR better than -47 dB and -42 dB for the 
low-band and the high-band, respectively. With the dual-band 
prototype with a 6-GHz sampling rate, the proposed technique 
needs three times less bandwidth for noise cancellation signal com-
pared to conventional feed-forward techniques, and thus the 
sampling rate requirement on noise cancellation path can be sig-
nificantly relaxed. 

Keywords—Digital transmitter, RF filter, feedforward noise 
cancellation, non-contiguous inter-band carrier aggregation, con-
current multi-band delta-sigma modulation. 

I. INTRODUCTION 

Non-contiguous inter-band carrier aggregation (NCIB-CA) 
for 4G/5G communication systems [1] are essential to maximize 
the utilization of available spectrum in multi-user environment. 
The compact form factor and the low-cost implementation of 
digital-intensive RF transmitters for NCIB-CA are enabling 
high-performance MIMO phased array technology, which re-
quires a large number of RF transceivers in a single system. 
Compared to all-digital RF transmitters [2], [3], digital-intensive 
RF transmitters [4], [5] provide a higher efficiency and allows a 
RF output filter with relaxed design requirement. It should be 
noted that digital-intensive RF transmitters have several design 
challenges in order to provide competitive performance in the 
market. For example, the inherent quantization noise of delta-
sigma modulation, which requires either a high-Q RF output fil-
ter [5] or a high-performance active noise cancellation [6], 
introduces power efficiency degradation. Nevertheless, recent 
development in advanced digital RF power amplifiers [7], [8] 
have continuously improved the performance of digital-inten-
sive transmitters, increasing the potential of digital-intensive RF 
NCIB-CA transmitters for future deployment in 5G communi-
cation infrastructure. 

This paper presents a novel multi-band quantization noise 
cancellation technique for digital-intensive RF transmitters (Fig. 
1) based on concurrent multi-band delta-sigma modulation 
(CMB-DSM) for NCIB-CA. Active cancellation of CMB-DSM 

quantization noise can be achieved by a replica modulator [9], 
[10] or a feed forward technique [6]. Replica-modulator based 
quantization noise cancellation has a limited noise cancellation 
bandwidth while feed forward noise cancellation technique re-
quires a high-performance DAC, whose power consumption 
may dominate an overall transmitter employing advanced mod-
ulation techniques with a high peak-to-average power radio 
(PAPR). The proposed noise cancellation technique provides a 
larger cancellation bandwidth compared to the replica modula-
tor based noise cancellation techniques while allowing a low-
complexity and low-power implementation compared to the 
feed-forward techniques.  

Section II describes the concept and the operation of the pro-
posed multi-band quantization noise cancellation technique for 
a dual-band NCIB-CA transmitter, in comparison with the pre-
vious works. Measured results from an experimental prototype 
are reported in Section III, with concluding in Section IV. 

II. MULTI-BAND NOISE CANCELLATION FOR CONCURRENT 

MULTI-BAND DELTA-SIGMA MODULATION 

Fig. 2 illustrates an improved concurrent multi-band delta-
sigma modulation (CMB-DSM), which transforms quadrature 
baseband signals with a high resolution for low-band and high-
band into a single-stream digital signal to drive a multi-level dig-
ital RF PA. Compared to conventional CMB-DSM [11], the 
level clipper improves a coding efficiency and the non-uniform 
digital feedback gain provides nonlinearity correction with a 
multi-level digital PA. Although Fig. 2 is illustrated for dual-
band CA applications, CMB-DSM can be applied to triple-band 
while maintaining modulator stability [6]. Fig. 3 shows simu-
lated signal and noise transfer functions of a 4-th order CMB-
DSM for NCIB-CA with 835-MHz low band and 1450-MHz 
high band each for 20-MHz LTE channel bandwidth, providing 
overall 40-MHz aggregated bandwidth. 

A digital-intensive RF transmitter architecture using CMB-
DSM with the proposed band-pass quantization noise cancella-
tion technique is depicted in Fig. 4. The wideband quantization 

 
Fig. 1. General architecture of a concurrent multi-band digital-inten-
sive RF transmitter.  
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noise of CMB-DSM is obtained by the multi-band noise-selec-
tion filter. This noise selection process is fundamentally 
different from the feed-forward technique [6] since the band-
width of the noise cancellation signal is much smaller, which not 
only reduces the design requirement of noise cancellation path, 
but also allows the usage of a low-resolution main digital PA. 
For a dual-band prototype operating with 835-MHz and 1450-
MHz bands, the noise-selection transfer function 𝐺(𝑧)  is de-
signed to have three passbands consisting of 645-790 MHz, 880-
1405 MHz, and 1495-1645 MHz. The digital quadrature mixer 
down-converts the multi-band noise into a baseband I/Q signal. 
The digital low-pass filter with a cut-off frequency 𝑓  limits the 
bandwidth of the quantization noise such that the RF output fil-
ter does not need any rejection between the low band edge 𝑓 +
𝐵 /2 and the high band edge 𝑓 − 𝐵 /2. Since the noise can-
cellation bandwidth, which is given by 2𝑓 , can be reconfigured 
by the digital low-pass filter cut-off frequency, a conventional 
RF output filter can be used by properly adjusting the digital fil-
ter bandwidth. 

III. IMPLEMENTATION AND MEASURED RESULTS 

For the experimental demonstration of the proposed band-
pass noise cancellation technique for CMB-DSM, a dual-band 
NCIB-CA LTE transmission is realized with 6-GHz sampling 
rate. A main 4-bit digital RF PA clocked at 6 GHz and a 5-bit 
digital RF IQ power DAC [12] for band-limited noise cancella-
tion running at 2 GHz is emulated by Keysight M8195 arbitrary 
waveform generator, as shown in Fig. 5. An asymmetric power 
combiner [6], which is fabricated on FR-4 substrate, allows the 
noise cancellation power backed off from the main digital RF 
PA output power.  

The measured noise cancellation performance of the 835-
MHz low-band (Fig. 6a) and the 1450-MHz high-band (Fig. 6b) 
shows that more than 15-dB cancellation is achieved within the 
noise cancellation bandwidth of 90 MHz around each band. 
With the noise cancellation band, better than -47 dB and -43 dB 
ACPR is achieved with the low-band and the high-band, respec-
tively. Fig. 7 shows the wideband spectrum of the NCIB-CA 

 

Fig. 2. Concurrent multi-band delta-sigma modulation (CMB-DSM) 
with level clipping and digital feedback linearization. 
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Fig. 3. Simulated noise and signal transfer function of a CMB-DSM 
with 6.0 GHz sampling rate for 40-MHz aggregate bandwidth com-
bining 835 MHz and 1450 MHz frequency bands. 
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Fig. 4. Proposed multi-band noise cancellation technique employed 
a digital-intensive RF transmitter for non-contiguous inter-band car-
rier aggregation. 
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Fig. 5. Experimental demonstration of multi-band noise cancellation 
using an asymmetric power combiner to accommodate 8.7-dB power 
disparity between the main PA and the digital RF IQ power DAC. 



LTE transmission, demonstrating that the prototype noise can-
cellation eliminates the need of noise rejection between the low-
band and the high-band.  

IV. CONCLUSION 

Digital-intensive RF transmitters for the non-continuous in-
ter-band carrier aggregation of 4G LTE-Advanced and 5G 
communication systems have suffered from high quantization 
noise, which has mandated a lossy high-Q multi-band RF output 
filter or a high-performance noise cancellation with a high-
power consumption. This work presents a low-power multi-
band noise cancellation technique, which cuts down the RF out-
put filter design requirement so that a conventional band-pass 
RF output filter can be used for multi-band digital-intensive 
transmitters. The proposed multi-band noise cancellation re-
quires a narrower bandwidth for cancellation signal compared to 
feedforward cancellation techniques by more than a factor of 

two. Thus, design requirements and costs of high-performance 
digital-intensive RF transmitter can be significantly relaxed. 

ACKNOWLEDGMENT 

The authors would like to thank S. Shinjo and K. Yamanaka 
at Mitsubishi Electric for technical support. 

REFERENCES 
[1] R. Ma, K. H. Teo,  S. Shintaro, K. Yamanaka, P. M. Asbeck, “A GaN PA 

for 4G LTE-Advanced and 5G,” IEEE Microw. Mag., vol. 18, no. 7, pp. 
77-85, Nov.-Dec. 2017. 

[2] N. V. Silva, et al., “A novel all-digital multichannel multimode RF 
transmitter using delta-sigma modulation,” IEEE Microw. Wireless 
Comp. Lett., vol. 22, no. 3, pp. 156-158, Mar. 2012. 

[3] D. Markert, X. Yu, H. Heimpel, and G. Fischer, "An all-digital, singlebit 
RF transmitter for massive MIMO," IEEE Trans. Circuits Syst. I: Reg. 
Papers, vol. 64, no. 3, pp. 696-704, Mar. 2017. 

[4] R. F. Cordeiro, A. S. Oliveira, and J. N. Vieira, “All-digital transmitter 
with a mixed-domain combination filter”, IEEE Trans. Circuits Syst. II: 
Exp. Briefs, vol. 63, no. 1, pp. 4-8, 2016. 

[5] S. Chung, R. Ma, S. Shinjo, H. Nakamizo, K. Parsons, and K. H. Teo, 
“Concurrent multiband digital outphasing transmitter architecture using 
multidimensional power coding,” IEEE Trans. Microw. Theory Techn., 
vol. 63, no. 2, pp. 598-613, Feb. 2015. 

[6] S. Chung, R. Ma, and K. H. Teo, "A concurrent triple-band digital 
transmitter using feedforward noise cancellation for delta-sigma 
modulation," in Proc. European Microw. Conf., Oct. 2017.. 

[7] T. Hoffmann, A. Wentzel, F. Hühn, and W. Heinrich, "Novel digital 
microwave PA with more than 40% PAE over 10 dB power back-off 
range," in Proc. IEEE MTT-S Int. Microw. Symp., June 2017, pp. 1-4.  

[8] R. Ma, “Recent advances in power encoding and GaN switching 
technologies for digital transmitters,” in Proc. IEEE Asia-Pacific Microw. 
Conf., Dec. 2015, pp. 1-3. 

[9] R. Hezar, et al., “A 23dBm fully digital transmitter using ΣΔ and pulse-
width modulation for LTE and WLAN applications in 45nm CMOS,” in 
Proc. IEEE Radio Freq. Int. Circ. Symp., June 2014, pp. 1-4. 

[10] S. Chung, R. Ma, S. Shinjo, and K. H. Teo, “Inter-band carrier 
aggregation digital transmitter architecture with concurrent multi-band 
delta-sigma modulation using out-of-band noise cancellation,” in Proc. 
IEEE MTT-S Int. Microw. Symp. Dig., May 2015, pp. 1-4. 

[11] T. Maehata, K. Totani, S. Kameda, and N. Suematsu, “Concurrent 
dualband 1-bit digital transmitter using band-pass delta-sigma 
modulator,” in Proc. European Microw. Conf., Oct. 2013, pp. 1523-1526. 

[12] B. Yang et al., “A 65-nm CMOS I/Q RF Power DAC With 24- to 42-dB 
Third-Harmonic Cancellation and Up to 18-dB Mixed-Signal Filtering,” 
IEEE J. Solid-State Circ., vol. 53, no. 4, pp. 1127-1138, Apr. 2018. 

 

 

(a) 

 

Fig. 6. Measured multi-band noise cancellation on concurrent dual-
band transmission with 40-MHz aggregate bandwidth. (a) 835-MHz 
band, which achieves better than -47 dB ACPR after the multi-band 
noise cancellation. (b) 1450-MHz band, which achieves better than -
43 dB ACPR after the multi-band noise cancellation. 

 

Fig. 7. Measured mid-band noise cancellation more than 15 dB, which 
allows a band-pass RF output filter for multi-band transmitters. 
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