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Abstract The carrier aggregation technique will allow
an increase of capacity of the 4™ Generation mobile
communication networks (LTE-A: Long Term Evolution
Advanced). The probability to find carriers that occupy a
continuous spectrum in frequency is very low. The challenge
is to demodulate an RF signal where the information is
distributed on non-contiguous frequency bands. The
technique presented in this paper concerns the mixing of n
modulated carriers with n Continuous Wave (CW) signals by
using a single three phase demodulator circuit. This
technique allows reducing the conversion band of the Analog
to Digital Converter (ADC) to 100 MHz. The principle is
theoretically demonstrated for three non-contiguous carriers
and validated by measurements results. The test was made
for modulated carriers of 10 MHz or 15 MHz bandwidth by
using the same QPSK modulation format or two different
modulation formats (QPSK and 16-QAM). The
demodulation performance is evaluated by measuring the
Error Vector Magnitudes (EVM) of the transposed signals in
baseband. This test shows that it is possible to demodulate a
distributed non—contiguous multi-carriers RF signal in the
band 2-3 GHz with a bit rate more than 300 Mbps.

Keywords Spectrum Aggregation, Down Converter,
RF Receiver, LTE-advanced, Three Phase Demodulator,
Error Vector Magnitude, Low-IF, Sources Synchronization

1. Introduction

According to the International Telecommunication Union,
the 4™ generation of mobile networks (LTE-Advanced or
IMT-Advanced) can reach a theoretical data rate of 3 Gbps
(in downlink) [1,3]. To achieve very high data rates, it is
necessary to increase the width of the transmission
bandwidth. The proposed method is called carrier
aggregation [1,2]. The carriers can be distributed in a
contiguous or non-contiguous manner [3]. In the frequency
band from 0.45 to 3.6 GHz, the available frequency

sub-bands are non-contiguous and often as small as 20 MHz
[4]. We must, therefore, aggregate five non-contiguous
frequency bands if we want to get the 100 MHz of bandwidth
needed to reach the desired data rate. The present technical
challenge is to demodulate a RF signal whose information is
centered on non-contiguous multi-carriers.

Demodulation consists generally to mix the RF signal with
a local oscillator (LO) signal composed of a single CW
signal. In the case where non-contiguous RF bands are
distributed over a wide spectrum, the band of the
intermediate frequency signal can be very large (3GHz),
which requires an ADC sampling frequency of at least 6 GHz.
The technique proposed in this paper consists in the RF
signal mixing with an LO signal composed of n CW signals
which will have the main advantage that the intermediate
frequency signal will cover a spectrum of 0 to 100 MHz and
reduce the ADC sampling frequency.

The existing solutions in the literature are often limited to
two frequency bands. Among them, there is a solution that
uses a similar technique than the demodulator architecture of
type Weaver [5,6] which rejects the image signal and keeps
the desired signal. The architecture uses a single frequency
for the LO signal to transpose two RF signals into baseband;
By choosing correctly the value of the LO frequency, we
may be able to correspond correctly the desired and image
signals to the double frequency aggregated bands; The LO
frequency is approximately equal to the half of two carrier
frequencies of the non-contiguous frequency bands. Weaver
architecture is not applicable to the case of three aggregated
bands. [7] also describes a technique that allows to
demodulate two non-contiguous frequency bands, by using a
single LO signal which is somewhat close to Weaver
architecture. It uses a single frequency for the LO signal but
with a classic 1Q demodulator. The two aggregated signals
are transposed in two intermediate frequencies (IF). These
two baseband signals are symmetrical relative to zero
frequency i.e. one is the image of the other. This solution is
not, also, applicable to a RF signal where the information is
distributed over two non-contiguous carrier frequencies.
Another technique is presented in the literature [8-10]: It
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uses two classic IQ demodulators to simultaneously
transpose both non-contiguous frequency bands into
baseband. In the case of five frequency bands, it should
require five receivers, which makes this type of architecture
onerous.

In parallel of our research works, a team of NTT (Nippon
Telegraph and Telephone) published in [11], measurements
results on the baseband transposition by mixing of a RF
signal composed of two non-contiguous frequency bands
with a LO signal constituted of two CW tones. The technique
of conversion in low frequency signals by a single mixer is
made each time by controlling the power level of one of the
two CW signals. Another technique close to that of [11] is
presented in [12]. This paper shows that it is possible to
demodulate a dual-band RF signal, by using a LO signal that
is the combination of two CW signals with a unique
multiport demodulator (Rx six-port).The six-port receiver
uses power detectors for converting the baseband signals.
This work presented measurement results of the
demodulation of two modulated signals in 64-QAM and
16-QAM (64 and 16-states Quadrature Amplitude
Modulation) with a bandwidth of 2 MHz, each one. The two
signals are converted in low frequency in ZIF (Zero
Intermediate Frequency) and LIF (Low Intermediate
Frequency) centered at 8 MHz, respectively. The main
disadvantage of the multiport demodulator circuits (five-port
or six-port) is the low sensitivity due to the high conversion
losses of the power detectors [13]. In figure 7 of [12], the
measured spectrum at the output of the power detector has a
power level of -43 dBm. The measurement is done at a RF
input power level equal to 0 dBm. This result confirms that
the power detectors have a very low sensitivity. For example
in [13], the measurements show that at 2.1 GHz, the
conversion losses for power detector of Schottky
HSMS-2850 diode is almost 39 dB. The solution of [12] is
similar to that one of [14,15]. The developed technique
allows down-conversion of multiple frequency aggregated
signals, by using a single multiport demodulator circuit,
named “Three Phase Demodulator (TPD)”. The TPD has a
low conversion loss (in the case of passive mixers), see even
a conversion gain (in the case of active mixers).The
performances of TPD are better than those of the classic 1Q
demodulator using two channels shifted by 90° recovering
the baseband IQ signals because it allows a rejection of 20
dB of signals resulting from intermodulation products of
second-order [16]. In fact compared to previous references
[14,15] nonlinear effects created by the non-ideal mixers are
taking into account in this paper. The demodulator
components have been modified in order to deal with
bandwidths for each of received carriers more than 10 MHz
and thus to increase the throughput of a few hundred kbps to
300 Mbps. The RF performances of the new TPD are
described in paper [17]. In this paper the quality of the new
TPD will be described by measurement results of phase
constellations and EVM of demodulated signals. In
references [12, 14, 15] the separation of the transposed

baseband signal is performed by a digital filter. A new
numerical method for signal separation is proposed that
reduces computation time. Finally, we propose a method to
synchronize the six local oscillators of the transmitter and the
receiver.

The technique which will be developed in this paper
consists of mixing RF signal, constituted of 3
non-contiguous carriers with a LO signal, constituted of 3
CW signals. Section 2 will present the theory of the
transposition in low frequency in two cases: ideal and
non-linear mixer. Section 3 will describe the architecture of
the TPD and the principle of the data processing. Section 4
will show the experimental results and the principle of phase
recovery of RF signal and finally, section 5 will give a
conclusion.

2. Principe of Baseband Conversion

The aggregated RF signals are down converted to a small
band of several tens of megahertz, named “Br: signals
recovery band”. The narrow bandwidth Br has a frequency
width that covers the spectrum of the baseband signals from
zero to f; pr where f; pr is the cutoff frequency of the low-pass
filter which will be higher than the sum of the three
frequency bandwidths of the RF signal. Let us consider three
RF signals centered on three non-contiguous carriers f;, f>
and f;, respectively. The associated bandwidths of three
modulated carriers are BW;, BW, and BW;, respectively. The
expression of the RF signal is defined as follows

3 -
sre(t)=3 Ro(z(1)7) ()
i=1

with z;¢) is the complex envelope of the three carriers
frequencies f;, f> and f;.
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Figure 1. Illustration of down-conversion of the three non-contiguous
aggregated carriers modulated
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The baseband transposition of the aggregated RF signals is
depicted in figure 1. In the case where the LO signal is made
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of a single CW signal, the transposed signal occupies a very
wide frequency band which can reach several GHz (f;-f;).
Separating the shifted signals by a digital processor requires
an ADC with a very high sampling frequency. The goal is to
translate signals in a band Br slightly greater than the sum of
the bandwidths BW; of the carrier signals.

Let us consider the LO signal constituted of 3 CW signal

of frequencies : f,, = f, = Af,

3 .
s.00) =R, O V,0e" ") 3)

i=l1

With the same amplitude V;, for all CW signals.

Two constraints must be taken into consideration at the
time of down-conversion. First is to avoid overlapping
between the transposed useful signals in baseband. The
choice of the intermediate frequency Af; depends on the
bandwidth BW; of the i RF signal.

"ff‘(BW%)Mf/—l”BWj‘lﬂ (2<j<3) @

The second condition is illustrated in the figure 1. We
choose the carriers which have a significant gap between
them in such a way to have the following condition:

fr=fi>B, and fi—f,>B, .

So the necessary conditions for the recovery of converted
signals in baseband by a single demodulator are summarized
as:

f2 _fl >Br»f3 _.f2 > B,

BW : BW;_
A= ( %)>Af,~_1+( 7N EYES)

2.1. Ideal Mixer

Firstly, we consider that the mixers of the demodulator
circuit are perfectly linear. At the output of the path m (m
{3, 4, 5}):

v, (1)=LPF{sp.(t)s;o(t)} (6)

where LPF is the low-pass filter of cutoff frequency equals to

Juer.

Assuming the conditions of (5) are fulfilled, we deduce
from equation (6):

3
Vin (€)= D V10a; Lipi cos(0; + 270)t = ppi)  (7)

i=l1

With L,;, @,; the conversion loss and the phase shift
introduced by the path m of the demodulator at frequency f..
The equation (7) shows that the output signal of the path m is
the sum of three LIF signals centered at Af;, Af; and Af;
respectively. This result confirms the stated hypothesis in
this section.

2.2. Non- Ideal Mixer

We assume that the mixer is non-ideal: There are the
self-mixing of LO and RF signals due to the bad isolation
Iso;o and Isogr between LO and RF ports of the mixer. The
mixing process is non-linear and can be developed by n order
Taylor series of the product of RF and LO signals. As in
reference [18] the non linearities are introduced after the
mixing operation. Using these assumptions the output
voltage S(?) of the mixer is :

S(t)=1Isop(sp0 )2 +Is0pp (Sgp )2 +L,SprS10

2 3
+2,(SprS10)" T 8&3(SprS10)

where L,; represents the linear term and g, and g; the terms
of order 2 and 3 . In general if n>3, the terms are negligible
because they correspond to signals of low power level.

We consider in the following that L,; is a constant
whatever frequency f; and that all three carriers signals of the
RF signal have the same amplitude 4 and are not modulated.

®)

3
Se(1)=3, Acos(2xft) ©
i=1
As the input signals are sinusoidal, each term

cos”(2nf;t) generates harmonic pf; and each term
cos” (27f;t)cos" (27f,, t) generates two frequencies: the
J

sum frequency pf; + nfio; and the difference frequency pf;
-nfro; (with p and n two positive integers). A non-linear
system generates therefore a multiple of frequencies which
are harmonics and intermodulation products whose
amplitudes decreases when p and n increase.

The frequencies of the RF and LO signals are, in general, in
the order of several hundreds of megahertz to a few
gigahertz. While the signals which will be in the recovery
frequency band B, will be of order of tens of megahertz. So
during the transposition in low frequency, the harmonic
terms into nf are found in general far useful signal i.e. out of
recovery band.

As an example, according to section 4, the 3 carrier
frequencies are 2.9 GHz, 2.4 GHz and 2.084 GHz and the LO
signal is the combination of 3 CW signals centered at 2.89
GHz, 2.352 GHz and 2 GHz. The intermediate frequencies of
LIF signals are: 4f;=10 MHz, 4f,=48 MHz and 4f;=84 MHz
and the cutoff frequency f; pr of the low-pass filter is equal to
100 MHz. In that way, the conditions (5) are totally fulfilled,
thus after filtering results of (8) equation (10) is obtained.
The first term of v,,(?) is the useful signal, the others are the
spurious signals caused by the bad isolation and the
non-linearity of the mixer. In fact expressions are more
complex as the complex envelope and the phase shift of LO
signal on path m of the demodulator are not included. In the
next section, we will show that the parasitic effects are very
low as we can notice on the results of figures 5 and 8. This is
due to the architecture of the demodulator that performs a
projection of baseband voltages v,,(¢) intoa Iand Q plane
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thus rejecting partially the spurious signals[19, 20] and as
well to the low values of g, and g;.

v, (t)=LPF(S(t))= iLmiVLOAcos(ZﬂAfit)
i=1

L 3150,0(Vi0 ) N 3Isop, A°

2 2 (10)

2 42
+%[18+cos(47rAf1t)cos(47rAf2t)]

g VZ AZ 3
+%[cos(67mf1t)+ 9% cos(27Afit)]
i=1

3. TPD Architecture and Data
Processing

3.1.TPD

Figure 2 shows the full assembly of the implemented
demodulation circuit: two 3-way combiners, Anaren-043020,
allow the division of LO and RF signals. The frequency band
of the combiner Anaren-043020 is from 2 to 6 GHz. The
mixing of signals is realized by active mixers of Meuro
Microwave (MMBO0050050F0020). The frequency band of
mixers varies from 0.45 to 3.6 GHz.

The operations described in [19, 21] in the case of
five-port are also equivalent in the case of the TPD. The low
frequency signal v,,(?) at the output of the non-ideal mixer m,
(m=3,4 and 5), can be written as follows :

v, (t)=DC, +IMD, (1)

3
2V L1050y, )+ Ot )sin( gy, )]
(an

where /() and Q;(t) are the baseband signals in phase and
quadrature at frequency f; The signal v,,(¢) has three terms:
The first term is the DC (Direct Current) component that is
due essentially to LO signal self-mixing at each CW

m={3,4,5}

frequency (f- Af)); the second term results the self-mixing of
useful signals and is called the intermodulation distortion
(IMD) products(Equation(10)). Another contribution to IMD
comes from other adjacent strong signals, separated in
frequency an amount A,y- fug2-fugi1, less than the bandwidth
of interest B,. And the third term contains the desired /;(z) and
0;(t) signals.

[20] shows that the baseband signals /;(¢) and Q;(?) can be
found by a projection of 3 voltages v,,(¢) on a 1Q plane. The
coefficient of the matrix associated to this projection was
determined by a self-calibration procedure. In order to
reduce the numerical processing task, the coefficient of the
matrix can be predetermined by choosing the architecture of
the TPD [19, 21]. If path number 4 of the TPD is an axis of
symmetry compared to the two others, and L,; the
conversion loss is identical for the 3 paths of the TPD at
frequency f;[19] shows:

S 1(1) = 4 26,(0) =) =(1] = i1 1)

(12)
3
Z;Q,(t) = ,UQ[V3(t)_V5(t)] = ILIQQout(t)
where
Mo = m”(%) n
_ 1 1
H VioaiL,; 1_005(71'),
Vi =03 = Pyi =Py — Ps;
Ho = mn(%) r
1 1 (13)

= Vio@Ly,; 1—cos(y;) ’

Vi = @3 =Py = Py — Ps;
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Figure 2. TPD architecture with baseband I/Q regeneration circuit.

The addition of voltages is performed by an analog 1/Q
regeneration circuit realized by Operational amplifiers of
Analog Devices (AD8056). The functioning results of the
demodulator are explained in section 5 of [17]. The
measurement results of [16], [17] demonstrate that the TPD
circuit gives a gain of 20 dB in IMD2 rejection in
comparison with classical IQ circuit. Indeed [19]
demonstrates that if conversion losses L,,; are equal on the 3
paths of the TPD, there is a perfect cancellation of DC offset
and IMD at the output of the regeneration circuit. Morever if
7, =90°there is a perfect equality between I/Q signals. In

addition, the measured EVM of baseband signals resulting
by the demodulation of RF signals composed of two
non-contiguous carriers are better in TPD circuit than the
classic 1Q circuit [17]. Therefore, the TPD circuit is
presented as a serious candidate for demodulating LTE-A
signals. The following section 4 will present the test bench
for the demodulation of three non-contiguous modulated
carriers.

3.2. Data Processing

g IPYm | X 7,71 40,
J—’ ~
Load DATA:Z
L] ‘
Save the data cmrp . .
acq —i2 =] +
acquisition: = load owtmz, - o A, % £,71,4Q,
zZ_ = +Q
acq acq acq
Q | Load DATA:Z
acq , ot s
—L e‘.ﬂWf‘—"’ % I‘f[.zfl()_x

Figure 3. Digital processing of the separation the three baseband signals

The Data processing performs the separation of each LIF
signal and their equalization. The first task may be realized

using digital filters [12, 14, 15] consisting of a low-pass
filter for the LIF, signal, a high-pass filter for the LIF;
signal and a pass-band filter for the LIF, signal. Next, the
intermediate frequency is digitally removed for each signal
before the equalization. The drawback of this method is its
heavy computation. We propose another method to separate
of the three baseband signals (Figure 3). After sampling, the
data corresponding to the three signals are numerically
down-converted and thereafter filtered by a numerical low
pass filter. For example, the signal centered at Af;, is
transposed at zero Hertz bgf the multiplication of each n data
by the complex term e’ in (where Af, = Afy/sampling
frequency) and then it is applied a low-pass filter of
bandwidth higher than the bandwidth of the LIF,; signal. This
same process is also applied at LIF, and LIF; signals. If the
three LIF signal have the same bandwidth, only one LPF
digital filter have to be computed thus reducing the
computation time.

Each separated signal is equalized by the algorithm
MMSE (minimum mean square error) by using a CAZAC
(Constant Amplitude Zero Auto Correlation) training
sequence. The equalization process compensates the
amplitude imbalance of the restored /;() and Q;(?) signals by

the calculation of 4, and /.
4. Experimental Results

4.1. Test Bench

Figure 4 illustrates the measurement bench.
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Figure 4. Test bench

From a computer, the digital symbols /I(n)/ and /Q(n)/ are
filtered by a square root Nyquist filter (SQRC) of roll-off
equal to 0.35. The filtered frame is composed a 32 bits
training sequence of type CAZAC, followed by a Pseudo
Noise (PN) data sequence. The training sequence is always
encoded in QPSK (Quadrature phase-shift keying). The PN
data can be encoded in QPSK or 16-QAM. The frame is then
sent to a generator via a LAN network constituted of a
Switch of ALLIED TELESIS (AT-FS708). Three different
data are wuploaded to three generators of Agilent
Technologies (E8267D, E8267D and N5172B). The test is
performed with a 10 MHz or 15 MHz bandwidth for each
modulated carrier frequency. A signal bandwidth of 10 MHz
can be demodulated with a data rate of 80 Mbps, while the 15
MHz bandwidth is demodulated at 120 Mbps data rate for a
16-QAM modulation. The three RF signals are transmitted at
2.9 GHz, 2.4 GHz and 2.084 GHz. A 3-way combiner,
Anaren 043020, adds the three output signals of RF
generators. At the output of the combiner, we have a RF
signal constituted of three modulated carriers which occupy
three non-contiguous bands in the spectrum. This signal will
be mixed with a LO signal which is the combination of three
CW signals. According the theoretical principle presented in
section 2, the three aggregated RF signals must be transposed
in baseband at LIF. The bandwidth of each modulated signal
is 10 MHz or 15 MHz. Therefore, a recovery band of signals
of bandwidth equal to 100 MHz and a choice of intermediate
frequencies of 10 MHz, 48 MHz (or 40 MHz) and 84 MHz
fulfill the conditions of (5). Hence the LO signal is the

combination of 3 CW signals centered at 2.89 GHz, 2.352
GHz (or 2.360 GHz, if the intermediate frequency is equal to
40 MHz) and 2 GHz, respectively.

The output signals of 3 sources (HP 4432B, Anritsu
MG3691B and Agilent E4431B) are combined to generate
the three CW signals at 0 dBm. All sources are
synchronized by using the same clock signal at frequency
10 MHz. However in [22] a method to generate
simultaneously these three CW signals by a single generator
is explained.

The LO and RF signals are applied at the inputs of the
TPD and the output signals of the TPD are injected into the
analog 1/Q regeneration circuit. The output signals I, and
Qo are sampled at 240 MHz via a data acquisition card
(SPECTRUM M31.2132). The acquisition card can reach a
maximum sampling rate of 500 MSamples/s for two
channels.

4.2. Spectrum, phase constellations and EVM results

Figure 5 shows the measured spectrum at the output of I,
path by FSIQ40 Rhode & Schwartz (spectrum analyzer).
Three signals of 10 MHz bandwidth, each, are used. The LIF
signals are centered at intermediate frequencies of 10 MHz,
40 MHz and 84 MHz. Each LIF signal occupies a wide
bandwidth of 13.5 MHz (let 2*6.75 MHz). This result
corresponds to the bandwidth of the digital data filter at the
transmission. The spectrum of three LIF signals shown in
Figure 5 confirms the theoretical principle of section 2.
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Figure 6. Measured EVMs of different demodulated LIF signals in

function of the RF input power level; all signals have the same bandwidth of
10 MHz.

Figure 6 shows the measured EVM of different
demodulated LIF signals in function of the RF input power
level;. The deterioration of the centered LIF signal at 10
MHz when the RF input power is less than -35 dBm can be
explained by the presence of significant parasitic effects at
frequencies that are close to zero frequency. The centered
LIF signal at 84 MHz has the worst EVM for RF input power
above -35 dBm. Also, one may observe that EVM of this
signal is 3 to 5 dB worse than EVM of the centered LIF
signal at 40 MHz for input power of -55 dBm to -35 dBm.
This performance degradation at 84 MHz may be due to the
clock jitter induced in the sampling of the highest LIF signal
[23]. Another experiment has been conducted to take into
account channel fading and channel loss at different carrier
frequencies. The curve in black color, Figure 6, shows the
variation of EVM of demodulated symbols in function of
input power level of RF signal centered to 2.4 GHz, keeping
constant signal power levels to -20 dBm in the other two

frequency bands 2.084 and 2.9GHz. Fixing the value of
EVM to -15 dB, the required power level of the signal
centered at 2.4 GHz is increasing from -50 dBm to -40 dBm.
This effect is due to the power level differences of 3 LIF
signals. It may be corrected by using different power levels
for each of the CW signal of the LO [11].

In the following, the RF signals are transposed at
intermediate frequencies of 10 MHz, 48 MHz and 84 MHz,
respectively. The intermediate frequency of the second
signal is moved from 40 MHz to 48 MHz. The following
results prove that the signal centered at 40 MHz (4*10 MHz)
is not an image of the centered signal at 10 MHz.

Unmodulated signals
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Figure 7. Measured baseband spectrum at the output of Iy, path of the
I/Q analog regeneration circuit, the RF input power level is equal to -25
dBm; (a) unmodulated signals; (b) three modulated LIF signals of
bandwidths 10 MHz, 15 MHz and 15 MHz

Figure 7 shows the measured spectra at the output of [, in
the case of an input power level of -25 dBm. Figure 7(a)
presents the measured spectrums of three unmodulated
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transposed carriers. The levels of the spurious signals are less
than -60 dBm, so they are sufficiently low compared to the
useful signals. There is a difference of about 40 dB between
the useful and spurious signals.

Figure 7(b) shows the spectrum of three modulated
carriers when they are transposed in low frequency with
bandwidths of 10 MHz, 15 MHz and 15 MHz, respectively.
The spectrum of the LIF; signal of the Figure 7(b) occupies
about a bandwidth of 13.5 MHz, the two centered at 48 MHz
and 84 MHz occupy each a bandwidth of about 20.25 MHz
(let 2*¥10.125 MHz). The results of figures 7(a) and 7(b)
confirm again the theoretical principle of section 2.

Figure 8 presents the measured constellations diagrams in
the case where the modulated carriers have bandwidths of 10
MHz, 15 MHz and 15 MHz, respectively. Figure 8(a)
illustrates the constellations where all aggregated signals in
frequency are modulated in QPSK. Figure 8(b) shows the
constellations for two different modulation formats (QPSK
and 16-QAM).

Figure 9 shows the measured EVMs in function of the
input power level. The results of figure 9 present the case
where we have two different bandwidths for the frequency
aggregated signals. The remarks made above (the results of
the Figure 6) remain valid for results of Figure 9(a). By
comparing the measured EVM of the centered signal at 40
MHz of the figure 6 and that of the centered signal at 48 MHz
of the figure 9(a), we note that in figure 9(a) an attenuation of
6 to 10 dB with respect to Figure 6 can be observed for a
variation of the input power level from -55 dBm to -40 dBm.
This attenuation can be explained by the difference of the
Over-Sampling Ratio (OSR) between the two signals. In fact,
as we used the same sampling frequency equal to 240 MHz,
it is clear that the signal of 10 MHz bandwidth has an OSR
equal to 24 and it is equal to 16 for the signal of bandwidth to
15 MHz. The measured EVMs of the figure 9(b) show that
the QPSK modulation format is more robust than 16QAM
modulation format.
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Figure 8. Measured constellations diagrams at the input power level equal to -25 dBm (a) three QPSK-modulations (b) two 16-QAM modulations and one

QPSK modulation.
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Figure 9. Measured EVMs of different demodulated LIF signals in function of the RF input power level (a) three QPSK-modulations (b) two different

modulations format.
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Figure 10. Measured EVMs of different demodulated LIF signals in
function the RF input power level; all signals are the same bandwidth of 15
MHz.

Figure 10 shows the measured EVMs in the case where the
frequency aggregated signals have the same bandwidth of 15
MHz. We have an EVM less than -15 dB from the RF input
power level higher than to -42 dBm for the centered signal at
10 MHz; while it is less than -15 dB from the RF input power
level higher than -45 dBm for the centered signal at 48 MHz;
and it is less than -15 dB from the RF input power higher
than -47 dBm for the centered signal at 84 MHz. We have a
difference which varies from 1 to 3 dB between adjacent LIF
signals. The degradation is more important on the centered
signal at 10 MHz. The poor quality of the centered signal at

10 MHz can be caused by spurious effects close to zero
frequency. By looking at the result of figure 9-(a), the
conclusion is that the increase of bandwidth of the
transposed signal at intermediate frequency of 10 MHz has
also affected the quality of this demodulated signal.

4.3. Phase Recovery of Carriers

The method which will be applied here is essentially based
on the one developed in [24], section 4.3.3, for the case of a
RF signal constituted of a single frequency carrier.
Previously, the generators at the transmitter and the receiver
were synchronized from the same clock signal at frequency
10 MHz, which does not correspond to the real situation of a
wireless link. Figure 11 depicts the test bench which is
equivalent to that of Fig. 4 except that is no wired connection
between the sources of the transmitter and the receiver. We
consider that the carriers of the modulated RF signal of the
transmitter are synchronized. Similarly the CW signals of the
LO signal are synchronized. The objective is to synchronize
the carriers of the aggregated signal and the LO signal of the
receiver i.e. to determine the frequency error between the
transmitter (Tx) and the receiver (Rx).

The recovery principle of frequency offset is described as
follows: The data frame which will be sent to RF sources is
different than that described in subsection 4.1. It is composed
of two consecutive CAZAC sequences each with a length of
32 bits followed by a sequence data.
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Figure 11. Bench for the recovery of the frequency error between the transmitter and the receiver.

Thus, the new training sequence (TS) has a length of 64
bits. The two CAZAC sequences contain 16 symbols each,
because the modulation of the TS sequence is QPSK format.

Then, we have two consecutive identical sequence of same
size TS=[TS; TS,/ . In other words, we have:

[Irsi(1),..., Irsi(16)]= [I1s2(1),..., I1s2(16)] &
[Or1s1(1),..., Or51(16)] = [Q152(1),..., Ors2(16)]  (14)

The new frame is shown in figurel2.

TS:: TS::
16 symbols | 16 symbols i
T
TS

Figure 12. The new frame of distributed data to the sources of RF signals.

The CAZAC training sequence allows finding the
beginning of information data at the moment of reception.
This sequence is known at the transmitter and the receiver.
Thus, it permits the sampling optimal time for the frame and
symbol synchronization. This sequence will serve us also to
make the synchronization of the carrier frequency. This
method is done digitally. The frequency offset between the
transmitter and the receiver generates a phase error.
Therefore, the demodulated signal will rotate with an angular
velocity 6. Our purpose is to estimate and cancel 6.. The
frequency offset to find is the phase shift between the first
symbol and the 17" of training sequence, of the second
symbol and the 18" symbol and so on. Figure 13 illustrates
the recovery principle of the frequency offset. We note Ty
the symbol duration and Af'the frequency offset to determine.

J2RAS 16 Ty
yp=ye

Yi Iy; |---|Y16|Y:7|)’|s|‘—
|

FIRAS 6T
Yig = V€ i

| ¥iz |:

DATA

Figure 13. Procedure for estimating the frequency error using the training
sequence

The angular velocity of the rotation of the first symbol of
TS, in the phase constellation will almost be equal to that of
the first symbol of TS; during the reception. We denote the
duration of 16 symbols, AT=16Tsym.

Thus, we can deduce the following expression:

Vivie — Vi€ (15)

As the symbols of TS are complex elements, only the
argument of each of multiplications of (15) needs to be
calculated. This operation will permit to have an estimated
value on the frequency offset.

J2AT ik 1<k< 16

J27Af AT

yk+16°yZ :|yk|2e (16)

Thus we calculate directly the common angle between the
symbols and we deduce the frequency error.

0=ar ' |> hence: (7 0
g(zk:yk-u(i ykj / AT

amn

After implementation of the above algorithm, the phase
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error can be cancelled out using the estimated phase. We
present the measurement results of demodulation of the three
frequency  aggregated  signals  with the same
QPSK-modulation. The three signals have the same
bandwidth that is equal to 10 MHz.

Figure 14(a) shows the received constellations before the
estimation and correction the frequency error. All three
constellations rotate with unknown angular velocity. The

explained method above allowed estimating the frequency
error and canceling it. Figure 14(b) shows the demodulated
constellations after estimation and correction of the
frequency error between the transmitter and the receiver. The
estimated error is in the order of 762 Hz with a RF input
power level of -25 dBm. The constellations are synchronized
and normalized, which validates the proposed method for the
synchronization of the sources at the Tx and Rx.

Initial QPSK, LIF centred at 10MHz

Initial QPSK, LIF centred at 48MHz

Initial QPSK, LIF centred at §4MHz

2

o

()

corrected QPSK, LIF centred at 10MHz

corrected QPSK, LIF centred at 48MHz

corrected QPSK, LIF centred at 84MHz
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) -1 0 1 2
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Af (estimated) = 762 Hz

Figure 14. The synchronization between the transmitter and the receiver sources (a) The demodulated signals without correction of the frequency error (b)
The constellations of demodulated signals after the correction of the frequency error between the transmitter and the receiver.
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Then, in order to evaluate the maximum frequency error
that this technique can recover, the same 10 MHz reference
is used for the transmitter and the receiver as explained in
subsection 4.1. First each initial carrier frequency of 3
sources is shifted of value 4 kHz but the 3 CW frequencies of
LO signal are similar to those of the test bench described in
subsection 4.1. Therefore the frequency error is 4 kHz. The
estimated value during the synchronization is equal to 3.989
kHz. Hence this result confirms again the synchronization
method.

Table 1. Test of the algorithm for recovering the frequency difference
between the transmitter and the receiver.

Introduced Estimated Evaluation of the
frequency error frequency error estimate

10 kHz 10.04 kHz Algorithm
succeeded
50 kHz 49.92 kHz Algorithm
succeeded
100 kHz 100.86 kHz Algorithm
succeeded
200 kHz 199.93 kHz Algorithm
succeeded

220 kHz 303.52 kHz Algorithm failed

300 kHz 238.28 kHz Algorithm failed

Table 1 presents the estimated values of the frequency
difference between the transmitter and the receiver after
having introduced a frequency error at the transmission.
These tests are performed for an input power level of
-25dBm. The results of Table I show that beyond a frequency
difference greater than 200 kHz, the algorithm doesn’t
estimate the desired frequency error.

5. Conclusions

This paper has presented a down-conversion technique of
a RF signal constituted of three non-contiguous carriers by a
single demodulator architecture. The down-conversion of
non-contiguous modulated carriers is based on a mixing with
a LO signal constituted of n CW signals. The tones are
chosen to avoid the spurious signals in the recovery band of
the useful signals. This method allows reducing the
conversion band of ADC. In fact, the RF spectrum was
constituted of three non-contiguous frequency bands
distributed in the band 2-3 GHz and the transposed signals in
baseband occupy a 100 MHz bandwidth. The performances
of the TPD on the rejection of unwanted signals such as
IMD2 with respect classic 1Q architectures, allowed
choosing the TPD receiver for the test of the proposed
down-converter technique in this paper. The results of
obtained spectrums at the output of the demodulator circuit
validate the theoretical principle. The measured
constellations and EVMs show that it is possible to
demodulate multiple frequency aggregated RF signals by a
single TPD circuit. The results of the recovery of frequency
error between the transmission and the reception sources
consolidate the technique of proposed demodulation. The

demodulation of three modulated signals in 16-QAM whose
each have a 15 MHz bandwidth allows to have a bit rate of
about 360 Mbps. So the proposed solution in this paper must
to achieve the bit rate of the order of Gigabit in the future
mobile network LTE-A.
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