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Abstract—This paper presents the analysis of the nonlinear 
distortion model of Low Noise Amplifier (LNA) for direct RF 
digitization receivers (DRF–RX) and proposes a novel 
compensation technique for receivers working in multi-channel 
mode1. With the proposed design the distortion is suppressed by 
using a linear reference receiver with a least mean square (LMS) 
filter. As the major advantage, the distortion suppression is 
performed after the down-converter so all high-order distortion 
components are automatically phased out. Furthermore, as the 
signal is fully processed at a low sampling rate, our proposed 
scheme is much simpler and the circuit inherently consumes less 
energy and is more compact, compared to the prior arts.  

To demonstrate the proposed technique, a direct RF 
digitization UHF receiver with QPSK modulation has been built 
and modeled in Matlab. The simulation results show that we 
could achieve an improvement of ~30 dB in signal SFDR 
(Spurious-free dynamic range) with the standard two-tone test 
case, and a reduction of 1000 times in the bit-error-rate (BER) in 
comparison with the non-compensation receiver. 

Keywords— Direct RF digitization, DCR, LNA distortion, 
digital receiver, LMS filter, multichannel receiver, software-defined 
radio, UHF transceiver. 

I. INTRODUCTION 

Direct RF digitization receiver (DRF–RX) is an 
increasingly popular architecture among receiver designs 
thanks to the advances in technology and it has been widely 
adopted in many commercial devices [1, 2]. Being all digital, 
this architecture permits substantially simplify the receiver 
structure, enables energy-saving and easy functionality 
upgrade. Besides, with the flexibility of the digital design, 
DRF–RX is a true software-defined RX that supports a wide 
range of operation modes, multiple bands, and multiple 
channels [1]–[6]. Last but not least, the all-digital architecture 
helps to overcome some permanent drawbacks coming from 
the analog components, e.g., there is no I/Q imbalance 
distortions or DC offset component caused by the analog 

 

1 Multichannel DRF-RX is a receiver that allows the reception of channels 
with a frequency range at a time. 

 

quadrature mixers as in the conventional direct conversion 
receivers (DCRs) [3], [7]. 

Nonetheless, DRF-RX still suffers from the distortions 
originated from the LNA nonlinearity when working in multi-
channel mode. Specifically, the multi-channel receiver allows 
the simultaneous recording of multiple channels with different 
types of signal modulation and power levels [9]-[13]. In such a 
condition, it is inevitable that after being amplified by the 
LNA, high energy channels generate nonlinear distortions. 
These distortions, in turn, degrade the signal quality of the 
nearby channels [9]–[13]. The higher the power of distortion 
channels, the more serious the effect of LNA nonlinearity is, 
and this essentially requires advanced technique and post-
processing algorithms in the digital domain. 

The studies in [9]–[13] proposed some solutions to reduce 
the distortion for DRF-RX. These studies all use either 
Hammerstein’s model [10]–[13] or Volterra series [9] to 
mathematically characterize the LNA nonlinearity. In general, 
there are two basic solutions for distortion compensation: 
canceling or inverting all the nonlinear effects to extract the 
useful signal. Accordingly, the fundamental task is to 
reproduce and/or to estimate the distortion components from 
the received signal. Both solutions in [9] and [13] use a band-
pass filter (BPF) for the distortion estimation. In [12], the 
distortion is evaluated using a part of distorted information 
from the variable high-frequency BPF. The main limitations of 
this method when using such a variable high-frequency BPF 
are the incomplete distortion reproduction, the technological 
complexity, and the implementation cost increase.  Similarly, 
authors in [13] used a BPF to extract the distortion signals. 
However, this compensation technique is not “blind”, as the 
channel’s frequency and bandwidth information have to be 
known in advance. A solution using a secondary reference 
receiver to reproduce and suppress distortion is proposed in 
[10]. However, the distortion compensation is carried out at the 
high-frequency domain and the technique was applied for 
common DCRs with existing non-linear distortion components 
from the analog sub-circuit (i.e., quadrature mixers). Thus, the 
compensation circuit was highly complex and energy-
consuming. 

In this work, we propose a novel distortion compensation 
for multichannel DRF-RXs.  The primary difference between 



our technique and prior arts is that the proposed compensation 
circuit works at baseband rather than in intermediate or radio 
frequency (RF) domains. In such a manner, this design has 
twofold advantages. First, the digital down-converter (DDC) 
acts as a low-pass filter (LPF), which eventually filters out 
most of the high-order distortion components (i.e., these 
harmonics locate far-away from the interested bandwidth), 
among them all are even-order harmonics. Second, as all 
processes are at the low-frequency domain, the complexity and 
design cost are significantly reduced. In other words, the 
proposed technique simultaneously helps improve the receiver 
power profile and lessen the demand on the sample buffer. 
Hence, our proposed design is suited for a wide range of 
applications, especially for battery-back and handheld devices 
where energy consumption and achieving design compactness 
are critical. A case study using a UHF-range QPSK receiver 
shows that our proposed compensation circuit responses fast 
enough to the input changes, helps improve the signal SFDR 
and reduces the BER significantly. 

The remaining of the paper is organized as follows. Section 
II presents distortion models of LNA and analyzes the effect of 
distortion on the multichannel DRF-RX model. Section III 
proposes the solution to compensate LNA’s distortions. 
Conclusions are drawn in section IV. 

II. NONLINEAR LNA DISTORTIONS MODELS IN DRF-RXS  

A. RF Nonlinear Distortion Model 

The generic structure of DRF-RX is shown in Fig. 1. An 
array of BPFs is still required in order to attenuate the out-of-
band frequencies [3]. Then, the filtered signal is going through 
an LNA before being digitalized by a high-speed ADC. From 
the practical point of view, the resolution of the state-of-the-art 
ADCs, which is suitable for DRF-RX, is only about 14 bits 
[15, 16], which corresponds to an approximate SFDR of 86 dB 
[18]. To ensure the receiver sensitivity of approximate -100 
dBm, the signal would need to be amplified by about 20 dB. 
Hence, the LNA is an indispensable component in any DRF-
RX designs [3], [13]. Unfortunately, the LNAs only work 
linearly with a limited input power range. When the input 
signal energy is higher than the linear threshold, the amplifier 
becomes saturated and nonlinear distortions appear at the 
amplifier output [ 3]-[14]. There are two types of nonlinear 
LNA distortions that need to be taken into consideration: self-
affected distortions caused by an individual RF signal to itself 
and distortions causes by the interference of other RF signals [ 
3], [14]. The model of nonlinear components is assumed to be 
a polynomial with the form 

=(ݐ)ோிݕ  ܽଵ(ݐ)ݔோி(ݐ) + ܽଶ(ݐ)ݔோிଶ (ݐ) + ܽଷ(ݐ)ݔோிଷ +(ݐ) ⋯+ܽ୬(ݐ)ݔோி୬  ,(1) (ݐ)
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Fig. 1. The architecture of direct digitization receiver 

 

Fig. 2. The nonlinear components of LNA with two-tone input 

 

where ݔோி(ݐ)  and ݕோி(ݐ)  are LNA input and output signals 
respectively; ܽ୧(ݐ) is the ith-order component coefficient. The 
input signal ݔோி(ݐ),	in turn, is represented as ݔோி(ݐ) = [௝ఠ೎௧݁(ݐ)ݔ]2ܴ݁ = ௝ఠ೎௧݁(ݐ)ݔ +  ,௝ఠ೎௧ (2)ି݁∗ݔ

where (ݐ)ݔ  is the baseband signal of ݔோி(ݐ) (ݐ)ݔ ,  can be a 
single carrier frequency or multiple separate carrier 
frequencies. ߱௖ = ߨ2 ௖݂, with ௖݂ is the center carrier frequency 
and (.)* represents complex conjugate. 

As illustrated in Fig. 2, when the input signal has two 
frequencies components ( ଵ݂, ଶ݂ ), the output signal will have 
two harmonic groups: ݊ × ଵ݂ , ݉ × ଶ݂ , and inter-modulation ݊ × ଵ݂ ± ݉ × ଶ݂ . The distortion happens as soon as those 
components appear near the received signal frequency. For 
example, components (2 ଵ݂ − ଶ݂) and (2 ଶ݂ − ଵ݂) could distort ଵ݂  and ଶ݂ . The other harmonics and inter-modulation, on the 
other hand, could distort other high-frequency signals. 

B. Baseband Nonlinear Distortion Model  

With the DRF-RX structure shown in Figure 1, assume that 2 ௖݂ ≫ ܹܤ  (bandwidth), a significant number of out-of-band 
signals will be removed after the digital downconverters. This 
is because the DDC acts as an LPF, which shifts the RF signal 
to the baseband. Correspondingly, the expression of (1) can be 
greatly simplified. The quadratic component in (1) is expressed 
as ݔோிଶ (ݐ) = (ݐ)ܣ2 + (ݐ)ଶݔ ∙ ݁ଶఠ೎௧ + ଶ[(ݐ)∗ݔ] ∙ ݁ି௝ଶఠ೎௧ (3) 

where ܣଶ(ݐ) = (ݐ)ݔ ∙  is the spectral content around the (ݐ)∗ݔ
DC component. From (3), distortion frequencies appear at 0 
and ±2߱௖but there is no frequency component at ߱௖. Similar 



discussion can be found for other even order components. 
Therefore, all even-order harmonics in (1) are eventually 
phased out after the DDC. Similarly, other high-frequency 
distortion components will not appear at reception bandwidth 
and can be excluded.  

Therefore, in DRF-RXs, LNA’s non-linearity is most 
severe at only odd-order components because their generated 
distortions could locate around ߱௖. In practice, it is sufficient to 
take into consideration up to the third-order components 
because higher-order components often have very small energy 
[22]. 

Therefore, the simple RF non-linear model can be written 
as ݕோி(ݐ) = ܽଵݔோி(ݐ) + ܽଷݔோிଷ  (4) (ݐ)

Here ܽଵ is the linear gain of LNA, and ܽଷ is the distortion 
coefficient of the third-order component. The impact of LNA 
non-linearity distortion components affecting DRF-RX is 
illustrated in Fig. 3. As can be seen from the figure, the third-
order intermodulation of ଵ݂, ଶ݂ produce frequencies (i.e., 2 ଵ݂ −ଶ݂ , 2 ଶ݂ − ଵ݂ ), which are closed to ଷ݂ , ସ݂  and ହ݂  interfere 
channels at these positions. Higher harmornic and 
intermodulation are filtered out at moderate BW of the UHF 
receiver 

From (2), the third-order component in (4) can be written in 
full form as ܽଷݔோிଷ =(ݐ) ܽଷሼݔଷ(ݐ)݁௝ଷఠ೎௧ + ଷ[(ݐ)∗ݔ] ∙ ݁ି௝ଷఠ೎௧ + ∙(ݐ)ଶܣ3 ௝ఠ೎௧݁(ݐ)ݔ +  ௝ఠ೎௧ሽ (5)ି݁(ݐ)∗ݔ(ݐ)ଶܣ3

After I/Q downconversion, all high-frequency components 
(at 3߱௖ ) are removed, the remaining components in (5) is 3ܣଶ(ݐ) ∙ (ݐ)ݔ ∙ ݁௝ఠ೎௧  and 3ܣଶ(ݐ) ∙ (ݐ)∗ݔ ∙ ݁ି௝ఠ೎௧.  Hence, the 
baseband equivalence of the LNA non-linear model for DRF-
RX (4) is reduced to be ݕ஻஻(ݐ) = (ݐ)஻஻,ூݕ + ݆ ∙ =(ݐ)஻஻,ொݕ ܽଵ ∙ (ݐ)ݔ + 3ܽଷ ∙ (ݐ)ଶܣ ∙  (6) (ݐ)ݔ

 
Fig. 3. Distribution of the distortion frequencies according to model in (5)  
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Fig. 4. A reduced non-linear model of LNA in multi-channel DRF-RXs after 
the DDC. 

where, ݕ஻஻,ூ(ݐ) = ܽଵ ∙ (ݐ)ூݔ + 3ܽଷ ∙ (ݐ)ଶܣ ∙ (ݐ)஻஻,ொݕ (ݐ)ூݔ = ܽଵ ∙ (ݐ)ொݔ + 3ܽଷ ∙ (ݐ)ଶܣ ∙  (7) (ݐ)ொݔ

(8) 

From (7)–(8), the distortion model at the baseband is much 
simpler compared to the model in the RF domain. The non-
linear component 3ܽଷ ∙ (ݐ)ଶܣ ∙ (ݐ)ݔ essentially causes 
intermodulation in the frequency range around ߱௖ . The 
corresponding non-linear model and an example spectrums are 
illustrated in Fig. 4. Ideally, all high order-component are 
filtered by DDC and the spectrum of ݔ஻஻(ݐ) are shown in the 
left. However, due to the effect of intermodulation, the actual 
baseband spectrum (ݕ஻஻(t)) is shown in the right where new 
third-order distortions components appear near the interested 
frequencies. 

To verify and simulate the effect of the models in (7)–(8), 
we set up a DRF-RX configuration with the carrier frequency 
of ߱௖ =	 1 GHz and three QPSK inputs: ଵ݂,஻஻ = ݖܪܯ	9.5 , ଶ݂,஻஻ = ݖܪܯ	20.0 , and ଷ݂,஻஻ = 30.5  MHz. After down-
converting to the baseband with 100 Msps sampling rate 
(bandwidth of 50 MHz), the spectra of the signals including 
linear component and nonlinear distortions according to the 
models in (7)–(8) are shown in Fig. 5. From the figure, all three 
baseband signals are distorted by not only themselves but also 
by the adjacent channels  
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Fig. 5. Distortion due to the  LNA nonlinearity  with 3 QPSK signal channels 
of ଵ݂,஻஻ = ଶ݂,஻஻ ,ݖܪܯ	9.5 = and ଷ݂,஻஻ ,ݖܪܯ	20.0 = 30.5 MHz. 

The derived models  (7)–(8) in this Section will be used as 
the fundamental ground for designing the distortion 
compensation circuit for the DRF-RXs, which is presented in 
the subsequent Section. 

 

III. PROPOSED DISTORTION COMPENSATION SCHEME FOR  

MULTICHANNEL DRF-RXS 

A. Distortions Compensation Circuits 

In this section, we propose a novel after-DDC distortion 
compensation scheme for DRF-RX. The structure of the 
proposed RX consists of a main receiver and a reference 
receiver depicted in Fig. 6. The former still needs an LNA to 
ensure good sensitivity as discussed before, while the latter is 
designed without LNA so that the received signals remain 
linear. This structure is similar to the design approach in [10] 
However, by exploiting the characteristics of a purely digital 
RXs and based on the model in (6)-(8), we shift all signal 
processing to the low-frequency domain after DDC and this 
brings a number of advantages. First, the digital downconverter 
practically adds no extra noise components (as opposed to the 
analog downconverter) and it helps to eliminate all even-order 
components and high-frequency components in (1). 
Furthermore, processing at a low-sampling rate, from the 
circuit design perspective, remarkably reduces the design 
complexity, cost and makes the overall system more energy- 
and area-efficient. 

As can be seen from Fig. 6, both the RF signals of the 
primary and secondary receivers are converted to low 
frequencies by the same digital I/Q rails using two DDCs. A 
delay block is inserted behind the DDC1 in the main channel 
for synchronizing the two receivers because the reference 
receiver signal is slightly slower than the main one. The delay 
value, which depends on the timing characteristics of the 
distortion cancelation circuit, can be precisely tuned during the 
design phase. During distortion removal processing, harmonic 
and intermodulation components are regenerated by a reference 
receiver and will be used for subtracting the distortion 
component from the main receiver signal. The LMS algorithm 
is adopted in this scheme to estimate the appropriate 
coefficients ܽ୧ in (6). This process is analytically explained in 
the following. 

Assuming the baseband signal received from the antenna 
after going through LNA, ADC and DDC is ݕ஻஻[݊]= [݊]ଵݓ ∙ ଵ݂(ݔ஻஻[݊]) + [݊]ଷݓ ∙ ଷ݂[݊] ∙ =([݊]஻஻ݔ) [݊]஻஻ݔ	 	+ 	݁[݊] (9) 

where n is sampling sequence number, ଵ݂(ݔ஻஻[݊]) =  ஻஻[݊] isݔ
the linear component and ଷ݂(ݔ஻஻[݊]) = ஻஻ଷݔ [݊]  is the third-
order components. ݓ௜[݊]  is the ith-order coefficient. 
Accordingly, the distortion components in (9) are 

݁[݊] = [݊]ଷݓ ∙ ଷ݂(ݔ஻஻[݊]) (10) 
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Fig. 6. The structure of multichannel DRF-RXs with the proposed distortion 
compensation circuit  

From the linear reference channel, the reproduced 
distortion ݁̂[݊] is expressed as  ݁̂[݊] = [݊]ෝଷݓ ∙ ଷ݂(ݔ஻஻[݊]) (11) 

The distortion canceling circuit (see Fig. 6) subtracts the 
reproduced distortion components of the linear channel from 
the  distorted signal after the main receiver DDC, hence ݔො஻஻[݊] = [݊]஻஻ݕ − ݁̂[݊] (12) 

From (9), (11) and (12) the final output signal is rewritten 
as ݔො஻஻[݊] = [݊]஻஻ݔ + ݁[݊] − ݁̂[݊]= [݊]஻஻ݔ + [݊]ଷݓ) − ([݊]ෝଷݓ ∙ ଷ݂(ݔ஻஻[݊]) (13) 

From (13) it can be seen that the signal after distortion 
compensation ݔො஻஻[݊]	is equal to ݔ஻஻[݊]	as long as high-order 
coefficients 	ݓෝଷ[݊] in (8) are the same as those 		ݓଷ[݊] in (7). 
By adopting the LMS algorithm, the coefficients of the 
nonlinear model are determined as follows: ݓෝଵ[݊] = ݊]ෝଵݓ − 1] + ଵߤ ∙ ଵ݂(ݔ[݊]) ∙ [݊]ෝଷݓ [݊]̂ߝ = ݊]ෝଷݓ − 1] + ଷߤ ∙ ଷ݂(ݔ[݊]) ∙  ,(14) [݊]̂ߝ

where ̂ߝ[݊] and ߤ௜	ሼ݅ = 1 − 3ሽ are LMS algorithm parameters; ̂ߝ  is estimation error and is expressed as ̂ߝ[݊] = [݊]ݕ −൫ݓෝଵ ∙ ଵ݂(ݔ[݊]) + ෝଶݓ ∙ ଶ݂(ݔ[݊]) + ෝଷݓ ∙ ଷ݂(ݔ[݊])൯ ௜ߤ ;  are the 
LMS algorithm step sizes. Fig.7. shows that the coefficients in 
the model are asymptotically converged to the actual nonlinear 
coefficients of LNA. Convergence time of ݓෝ௜  essentially is 
inversely proportional to the the step size ߤ௜  as shown in 
Fig. 7. In our particular design and test case, the coefficient is 
converged after about 12×106 samples, just within a few 
seconds. Also from the figure, the simulation results indicate 
that the higher the convergence speed, the larger the error ݁̂[݊] 



is. The latter eventually affects the performance of the 
compensation circuit. For further simulation we set ߤଵ, ߤଶ, and ߤଷ, are 1.25×10-6, 2.5×10-6 and 5.0×10-6 respectively, which 
results in reasonable fast convergence speed and precision. 

B. Evaluation of The Proposed Scheme 

To evaluate the effectiveness of the proposed scheme, we 
have implemented a Matlab model for a DRF-RX which 
operates at UHF (300 MHz–3 GHz) with a reception 
bandwidth of 50 MHz and can simultaneously receive several 
dozens of channels with the local bandwidth of 2 MHz. This 
configuration is set accordingly to some practical applications 
such as voice and data cellular networks, over-the-air 
television, digital television, etc [23]. 

To estimate the SFDR value at baseband, we adopted the 
standard method in [20] by setting signal inputs of the receiver 
to be 2-tone, separated by 2 MHz. After the downconverter, the 
received tones at baseband are ଵ݂ = 9.5	MHz  and ଶ݂ =11.5	MHz with signal spectra before and after the distortion 
correction is shown in Fig. 8. From the figure, the SFDR 
increases almost by 30 dB for the RXs with compensation 
circuit, compared to the conventional one. 

Furthermore, to evaluate BER, we have set three QPSK 
channels with a 4 Mbps data rate and the input scenario 
described in Section IIII.B (i.e., the carrier frequency is 1 GHz, 
baseband frequency are ଵ݂,஻஻ = 9.5	MHz , ଶ݂,஻஻ = 20	MHz , 
and ଷ݂,஻஻ = The input power levels of ଵ݂ .(ݖܪܯ	30.5  and ଶ݂ 
are intentionally set to be -50 dBm and -43 dBm, which are 
higher than ଷ݂  (-83 dBm). Thus, ଵ݂  and ଶ݂  will act as the 
aggressor channels. Intermodulation distortions from these two 
channels will appear around ଵ݂, ଶ݂  themselves and also around ଷ݂ . The spectrum for the distorted signals and the corrected 
signals is shown in Fig. 9. As can be seen, the spectra of 
corrected signals are mostly the same as the spectra of the 
original signals shown in Fig. 5. The nonlinear components 
generated by ଵ݂  and ଶ݂  are effectively reduced close to the 
noise floor.  

Furthermore, to evaluate the proposed circuit by the BER, 
two RX configurations, with and without distortion 
compensation circuit were simulated. The BERs for both RXs 
were estimated based on 4 million received samples after 
demodulation, the digital input data was randomly generated. 
The results show that BER of RX without distortion  
 

 

Fig. 7. Convergence characteristics of the third-order coefficient of the 
nonlinear model in using different LMS step size ߤ. 

 

Fig. 8. Two-tone signal spectrum before and after distortion processing for 
estimating SFDR. 

 

 
Fig. 9. Simulated spectra of the signals before and after compensation for 
UHF DRF-RXs (carry frequency of 1 GHz, baseband frequency are ଵ݂,஻஻ =9.5	MHz, ଶ݂,஻஻ = 20	MHz, and ଷ݂,஻஻ =  .(ݖܪܯ	30.5

 
compensation for channel ଷ݂ is 0.38, which is unusable even 
for audio communication purposes. For the RX with applying 
the proposed compensation, the BER of ଷ݂ channel is greatly 
improved to be 1.25×10-4, i.e., reduces by three orders of 
magnitude. This confirms that our proposed scheme effectively 
removes the distortions and recovers the useful signal.  

IV. CONCLUSIONS 

In this paper, the impacts of LNA distortions on DRF-RXs 
have been systematically studied in detail. From the derived 
signal analytical models, we have proposed a novel distortion 
compensation scheme for DRF-RXs that allows shifting all 
processes into the low-frequency domain. The proposed 
technique has been fully implemented and verified by Matlab 
simulation for a typical input scenario and RX configuration. 
The simulation for the two-tone signal showed an increase of 
~30 dB signal SFDR compared to that of the conventional 
design. Furthermore, a test case of 3 QPSK signal inputs 
showed not only the visible improvement in the spectrum of 0 0.5 1 1.5 2 2.5
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the received signal but substantially reductions of ~1000 times 
in BER. 

The proposed compensation scheme also exhibits a great 
advantage in power consumption and the design cost and 
design complexity because the signal processing is done 
entirely in the low-sampling rate. The proposed RX design 
hence is very practical and well-suited for applications such as 
mobile, portable and handheld communication devices, where 
both energy consumption and design cost are the major 
concerns. 
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