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Abstract: Non-linear distortion and linear static errors (DC offset and gain/phase imbalance) are the major
analogue impairments in microwave I/Q quadrature modulators. They can adversely impact the performance
of the systems using them, especially for direct-conversion transceiver systems. The impacts of these
impairments were investigated for three different modulator applications: double sideband modulation, zero
intermediate frequency (IF) single sideband (SSB) orthogonal frequency-division multiplexing (OFDM)
modulation and low-IF SSB OFDM modulation. A behavioural model for characterising the non-linear response
and the linear static errors was developed. The non-linear characteristic of each input was modelled by a
complex power series based on amplitude-to-amplitude modulation and amplitude-to-phase modulation
measurements. The linear static errors were modelled as three static error terms added into the complex
power series based on a four-DC-point vector network analyser measurement. The non-linear model was
validated by measurements with three types of signals representing the three modulator applications.

the correlation coefficient (p). Modulator non-linearity
generates intermodulation products in the form of spectral

1 Introduction

Owing to high spectral efficiency, analogue quadrature
modulators and demodulators are widely used in radio
frequency (RF) transceivers to save cost, especially for
wideband  applications.  Analogue imperfections in
modulators and demodulators include the non-linearity,
DC offset, quadrature gain/phase imbalance, phase noise,
frequency error, and so on. They can degrade the system
performance by producing spurious or noise components.
The DC offset and gain/phase imbalance are especially

serious problems in a direct-conversion transceiver system.

The two main system specifications impacted by static
modulator errors and non-linear distortion are spectral
emissions mask, which defines the allowable signal levels
outside of the signal bandwidth and signal waveform
quality, which is represented as signal-to-noise and
distortion ratio (SNDR), error vector magnitude (EVM) or

regrowth of the desired signal, which are new frequency
components created by the creation of mixing products
between the individual frequency components of the signal
spectrum. Some of the new frequency components called
out-of-band distortion fall outside the signal bandwidth
and extend into the adjacent frequency bands causing
degradation of the spectral mask performance; while others
called in-band distortion are within the signal bandwidth
contributing to SNDR degradation [1].

The linear static errors, DC offset and gain/phase imbalance,
result from the device mismatches (device sizes, threshold
voltage, etc.). The DC offset causes degradation by carrier
feedthrough. The gain/phase imbalance generates unwanted
image spectrum interfering with the desired signals. The
impact of static modulator errors depends largely on how the
modulator is used. For instance, for wideband code-division
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multiple access (WCDMA) and zero intermediate frequency
(IF) orthogonal frequency-division multiplexing (OFDM)
systems, the static errors contribute only to SNDR
degradation, although each of these systems is impacted
differently. Interestingly, SNDR of low-IF OFDM systems
are not impacted by static errors, but out-of-band emissions
are impacted. Estimation and compensation for errors from

DC offset and gain/phase imbalances were proposed in [2, 3].

Owing to the adverse impacts, it is important to develop
a systematic approach fast and accurately to assess the analogue
impairments in quadrature modulators for system evaluation
and verification. As a compact representation of a circuit or a
system, a behavioural model typically simulates much faster and
requires less memory than its circuit-level counterpart, which
makes it a powerful tool for system design and verification.
Various behavioural models based on bandpass non-linearity
concept and amplitude-to-amplitude (AM-AM) and
amplitude-to-phase (AM-PM) extraction techniques have
been developed by researchers for predicting the adjacent
channel power ratio (ACPR) of power amplifiers [4—8]. Similar
modelling approach was developed for quadrature modulators
in [9] in characterising the non-linear distortion with an offset
single-tone sinusoid AM—AM and AM—-PM measurements.

In this paper, the impacts of analogue impairments in
quadrature modulators on spectral regrowth and waveform
quality were investigated for three different modulator
applications: double sideband (DSB) modulation, zero-IF
single sideband (SSB) OFDM modulation and low-IF
SSB OFDM modulation. For the first time, a behavioural
model based on [9] was developed to accurately characterise
both non-linear distortion and linear static errors, including
DC offset and gain/phase imbalance.

The paper is organised as follows. In Section 2, three
application scenarios of quadrature modulators were
reviewed and the different impacts of non-linear distortion,
DC offset and gain/phase imbalance on these three
modulator applications were investigated. In Section 3, the
development of non-linear behavioural model for
characterising both non-linear characteristics and linear
static errors (DC offset and gain/phase imbalance) in
quadrature modulators was described. In Section 4, the
ACPR measurement results were presented to validate the
non-linear behavioural model in predicting the out-of-band
distortion. Finally, the findings were concluded in Section 4.

2 Impact analysis of physical
impairments in three applications
of quadrature modulators

Different wireless applications use different modulation
schemes which utilise quadrature modulators in different
ways. The applications of quadrature modulators can be
found in three scenarios of wireless communications
systems as discussed in the following sections.

www.ietdl.org

2.1 DSB modulation systems

In many linear digital wireless systems such as DECT,
EDGE, CDMA and WCDMA, variations of quadrature
phase shift keying (QPSK) modulation are utilised where
independent filtered data streams are inputs to the
modulator. The independent inputs I and Q are up-
converted to the carrier frequency by the I and Q channels,
respectively. Each signal is directly converted up to RF as
DSB modulation about the carrier; thus, the RF bandwidth
is twice the baseband signal bandwidth. The two overlapping
I and Q DSB signals are in quadrature which can be
separated at the receiver using a quadrature demodulator;
however, static errors cause the I-channel information to
bleed into Q-channel, and vice versa, resulting in SNDR
degradation which is proportional to the error.

2.2 Zero-IF SSB modulation systems

One property of quadrature modulator is that SSB modulation
can be achieved if the I and Q inputs are the Hilbert transform
of each other. For example, the quadrature modulators in
OFDM  modulation-based wireless communication systems
such as wireless local area networks (WLAN) and worldwide
interoperability for microwave access (WiMax) perform SSB
modulation on each modulated sub-carrier of the OFDM signals.

There are two architectures for the OFDM systems. One
is called zero-IF architecture, where the modulator is used
to create independent sub-carriers in the upper and lower
sidebands symmetrically about the RF carrier frequency. In
this case, the baseband input data streams are a
combination of data streams for both sidebands. The I and
Q inputs of a zero-IF OFDM signal to quadrature
modulators are generated by inverse fast Fourier transform
(IFFT) to sum all the sub-carriers and the subsequent
digital to analogue converters (DACs).

N-1 ) N-1
i(f)=R (Z cé(;)efwﬂ) > [y cos(wye) — Qysin(w,?)]
£=0

£=0
N—

N-1
g(5) =3 (Z Ck(t)ejw*t) = Z [, sin(w,#) + O, cos(w,2)]
=0

=0
1

_

where Cy(£) = Iy(¢) +jOu(#) represents the location of
the symbols within the constellation for the 4th sub-carrier
at different symbol time. As expected, i(#) and ¢(#) of a
zero-IF OFDM signal are Hilbert transform related.

2.3 Low-IF SSB modulation systems

The third case referred to as low-IF SSB modulation system
is to use the modulator at a low-IF where the SSB
modulation is up-converted to one sideband, either upper
or lower, of the RF carrier. Low-IF OFDM transmitters
have been researched in [10, 11], because it is less sensitive
to the modulator's DC offset and gain/phase imbalance
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compared to its zero-IF counterpart [12]. However, it
requires at least double sampling rate for the DACs and
suffers from increased adjacent channel interferences as
discussed in the following sections.

Unlike zero-IF OFDM, a digital up-conversion takes
place before the IFFT summation in low-IF OFDM
architecture, which moves the baseband centre frequency
from DC to wrp. The inputs I and Q of a low-IF OFDM
signal to quadrature modulators are described in (2).

N-1
i() = R(Z Ck(t)ej‘"ktej“’IFt)
=0

N-1
g(8) = i‘v(z Cé(t)ejw’etejwm>
£=0

For the three quadrature modulator applications, the impacts
of DC offset, gain/phase imbalance and intermodulation
distortion on the adjacent channel interference and signal
quality are different as is illustrated in Fig. 1 and discussed
in the following sections.

2.3.1 Non-linear distortion: Modulator non-linearity
generates spectral regrowth both in-band and out-of-band,
which can degrade the signal quality and interfere with the
adjacent channels. Multi-tone signals are effective in
estimating the in-band and out-of-band distortion in real
communication signals [13, 14]. In this section, a four-tone
(equal amplitude and zero-phase) analysis was conducted to
investigate the impact of non-linear distortion in three
quadrature modulator applications. Note that the use of
equal amplitude and zero-phase multi-tone signal may
over- or under-estimate the in-band or out-of-band
distortion [13]; however, it suffices in this paper for the
purpose of qualitatively analysing the impact of non-linear
distortion in different modulator applications.

Zero-IF OFDM systems: To simulate the OFDM signal in
the four-tone analysis, an in-phase and a quadrature four-
tone sinusoidal signal were applied to I and Q channels,
respectively, to produce a four-tone SSB RF output.

i(#) = cos(w; £) + cos(w,#) + cos(w;£) + cos(w,?)
g(2) = sin(w, 2) + sin(w,#) + sin(w;z) + sin(w,?)

3)

where w;, w;, w; and w4 are four equally spaced tones
centred about wy,

W = Wy — 3A/2)
w; = wp +A/2;

wZZwbc_A/Z

(4)
w, = w,. +3A/2

As described in Section 2.2, for zero-IF OFDM w,. = 0.
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Figure 1 Impact of static errors and non-linear distortion
on different quadrature modulator applications

a DSB quadrature

b Zero-IF SSB (both upper sideband (USB) and lower sideband
(LSB))

¢ Low-IF SSB

Without loss of generality, a third-order non-linearity was
assumed for I and Q channels.

G(x) = GQ(x) =ax+ a3x3, x = i(#) or ¢(#) (5)
The modulator output ve,(#) becomes
Uoue(?) = G;(x) cos(w £) + GQ(x) sin(w,?) 6)

By trigonometry, the modulator output including the desired
signal components and all distortion components was

computed and plotted in Fig. 2 for zero-IF OFDM systems.

DSB modulation systems: For DSB modulated signals, the
baseband I and Q data are independent and the spectrum of
I and Q data are overlapped on top of each other
orthogonally. Therefore it is a valid simplification to examine
the modulator output spectrum with only one channel on.

i(#) = cos(w; £) + cos(w,#) + cos(w; ) + cos(w,?)
g() =0 7)

The four-tone analysis for DSB modulated signals shows very
similar spectrum results around the carrier frequency as the
zero-1F OFDM signals. However there is a subtle distinction
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Figure 2 Four-tone analysis for zero-IF OFDM: calculated modulator output spectrum terms

that for zero-IF OFDM systems, the desired signal and the
corresponding distortion terms are SSB while both are DSB
for DSB modulation case. The important observation is that
for DSB modulation case the ratio between the signal and
the distortion terms remains the same as that for the zero-IF
OFDM case. Therefore it can be concluded that if a zero-IF
OFDM signal such as a WLAN signal and a DSB
modulated signal such as a CDMA or WCDMA signal have
similar peak-to-average ratio (PAR), they should produce
similar amount of in-band distortion if no significant
memory exists in the quadrature modulator. It is worth
mentioning that signals with the same PAR will not
necessarily generate the same level of in-band distortion
(dBc) because two signals with the same PAR may also have
differences in amplitude distribution between the average and
peak values. However, it has been shown that both CDMA

orthogonal code channels and WLAN OFDM signals, have
statistical properties that are similar to complex Gaussian
signals [15, 16] and therefore these signals generate similar

levels of out-of-band and in-band distortion if they have
similar PAR.

Low-IF OFDM systems: The four-tone SSB signal model as
described in (3) and (4) was used to model the low-IF
OFDM signal by setting wp. = wip. Assuming a third-
order non-linearity as described in (5), the modulator
output, including the desired signal components and all
distortion components, was calculated and plotted in Fig. 3

for low-IF OFDM systems.

An interesting observation from the analysis results as

illustrated in Figs. 2 and 3 is that in the low-IFF OFDM

and WCDMA base-station signals, including many case, a portion of the third-order intermodulation
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Figure 3 Four-tone analysis for low-IF OFDM: calculated modulator output spectrum terms
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distortion power is shifted to the third IF harmonic sideband
centred at w0 —3wrr. The total distortion power is the same
as the zero-IF case, but the distortion about the desired
sideband is reduced 2.5 dB for the four-tone uniform phase
test signal. Example modulator output spectrums for zero-
IF and low-IF OFDM are shown in Fig. 4. This leads to
the following conclusions:

1. In low-IF OFDM, modulator non-linearity results in less
in-band distortion because of the distortion split, which
means better SNDR/EVM than its zero-IF counterpart.
The drawback is the increased interferences to the channels
around the third-IF harmonic at w;o—3wrp.

2. Unlike zero-IF OFDM, the modulator output spectrum
of low-IF OFDM signals is not symmetrical around the
RF carrier — there is a spectrum hump in the third lower
sideband, which leads to asymmetrical ACPR.

The above analysis results were verified by EVM
measurements using three types of wireless signals: (i)
WCDMA uplink pilot signal and WCDMA downlink test
model 5 signal (a standard WCDMA base-station
conformance testing signal [17]), which represent the DSB
modulation systems; (ii) zero-IF WLAN signal with 16
QAM OFDM modulation which represents the zero-1F
SSB modulation systems and (iii) low-IF WLAN signal
with 16 QAM OFDM modulation which represents the
low-1F SSB modulation systems. The downlink WCDMA
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Figure 4 Measured output spectrum

a Zero-IF WLAN signal
b Low-IF WLAN signal

test model 5 signal and the zero-IF and low-IF WLAN
signals have a similar PAR of approximately 11 dB, while
the WCDMA uplink pilot signal has a smaller PAR of
3.4dB. As shown in Fig. 5, the EVM excited with the
WCDMA downlink signal and the zero-IF WLAN signal
are very close (the large discrepancy in the linear region is
due to the higher noise floor in the generated WCDMA
signals), while they are worse than the low-IF OFDM case.
In addition, the WCDMA uplink signal has a much better
EVM than other signals due to its smaller PAR. The
measurement results validate the above analysis.

2.3.2 DC offset: Carrier feedthrough caused by device
mismatches in quadrature modulators and direct leakage
paths is a major concern in designing direct-conversion
transceivers. A  DC offset leads to a modulation
constellation offset in DSB modulation systems [18]. In
the up-converter, the mismatch can be modelled as a DC
offset in the baseband input signals, which is up-converted
to the carrier frequency. The resulting carrier leakage (CL)
is an interference uncorrelated to the input signals if the
carrier falls within the bandwidth of the receive signal.
Therefore together with the noise, the CL term will
degrade the SNDR of the system. The degradation of the
SNDR due to the DC offset can be estimated using (8).

SNDR = 10 log( signal power ) 8)

carrier leakage + noise

To validate the relationship of SNDR and CL in (8)
experimentally, a sweeping DC offset was intentionally
introduced in the quadrature modulator excited by an uplink
WCDMA signal and the modulator output EVM was
measured because SNDR and EVM are mathematically
related [19]. As shown in Fig. 6, the measured and
calculated EVM based on (8) are close within 1%, indicating

-18
214 |—e—ZIF-WLAN36
244 |—k— LIF-WLAN36
2714 |—e—WCDMA_DN
g 30 |—=m—wcbDMA_uP
2 331
w
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Pin (dBm)

Figure 5 Measured EVM against input power (P;,) using
three types of signals: (1) WCDMA uplink pilot signal
(WCDMA_UP) and WCDMA downlink test model 5 signal
(WCDMA_DN); (2) zero-IF WLAN signal with 16 QAM
OFDM modulation (ZIF_WLAN36) and (3) low-IF WLAN
signal with 16 QAM OFDM modulation (LIF_WLAN36)

An equivalent term as EVM, relative constellation error (RCE) was
used here. RCE = 20 log(EVM)
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Figure 6 Measured and calculated EVM against CL using a
WCDMA uplink signal

that (8) can be used to accurately estimate the SNDR
degradation due to the CL.

In a WLAN or WiMax system utilising zero-1IF OFDM
modulation, usually the OFDM sub-carrier at RF carrier
frequency is not used in order to eliminate the adverse
impact of the DC offset as mentioned before. However,
the DC offset can still cause interferences to adjacent sub-
carriers at the receiver due to the frequency offset [20],

which degrades the received signal quality.

The second advantage of a low-IF OFDM architecture is
its immunity to the DC offset at both transmitter and
receiver sides because all the modulated sub-carriers are
moved away from the RF carrier, as shown in Fig. 1c.
Therefore CL presented at the input of the receiver will
not cause interference to the received signal. However, the
CL becomes out-of-band emission which will degrade the
spectral emission mask performance.

2.3.3 Gain/phase imbalance: Quadrature gain/phase
imbalance produces image spectrum uncorrelated to the
signals that will either degrade the signal SNDR or
increase the adjacent channel interference depending on the
applications of the quadrature modulators.

DSB modulation systems: In a DSB modulation system, the
gain/phase imbalance distorts the signal constellation: the
gain imbalance changes the constellation from square to
rectangular, whereas the phase imbalance causes skew of
the constellation [18]. Skew of the constellation can be
viewed as part of the I-channel being projected on the
Q-channel, and vice versa. In the frequency domain, the gain/
phase imbalance produces image spectrum within the signal
bandwidth, which is uncorrelated to the signals because the
I and Q data streams are independent. Therefore the image
spectrum impacts the signal quality by degrading the
system SNDR. If the thermal noise of the modulator is

negligible compared to the image power, we expect

signal power

SNDR = 10 log( ) ~IRR (9)

image power -+ noise

www.ietdl.org

where IRR is the image rejection ratio (IRR) [21].

(10)

IRR — 10 log(l + 24/A cos(6) + A)

1 —2vAcos(6) + A

where 6is the phase difference in degree between and Q and A
is the ratio square of the amplitude of I to Q channels.

Zero-IF OFDM systems: Instead of distorting the signal
constellations in a DSB modulation system, the gain/phase
imbalance causes the state spreading of the zero-IF OFDM
signal constellations (like what phase noise does) because of
the total effects of multiple sub-carriers [18]. Equations (9)
and (10) can also be used to predict the SNDR
degradation due to gain/phase imbalance for zero-IF
OFDM signals because they can be viewed as multiple
SSB  modulated sub-carriers distributed symmetrically

around the RF carrier.

The relationship between IRR and SNDR as described in
(9) and (10) for DSB modulation systems and zero-IF
OFDM systems was validated by a MATLAB simulation.
In the simulation, the quadrature modulator behavioural
model developed in Section 3 was used to calculate the
modulator output with real WCDMA and zero-IF
WLAN signals. A sweeping gain/phase imbalance was
deliberately introduced into the modulator model, while the
CL and non-linear distortion were kept at a negligible
level. Cross-correlation between the model input and
output was calculated to determine the uncorrelated
spectrum so that the SNDR can be calculated. As shown
in Fig. 7, the calculated IRR and the simulated SNDR for
WCDMA and zero-IF WLAN signals are very close
within 0.1 dB for a combined range of gain errors (0.1—
2 dB) and phase errors (1-20°), which validates (9) and
(10) for DSB modulation systems and zero-IF OFDM

systems.

However, for zero-IF OFDM signals, 3 dB worse SNDR
than that predicted by (9) and (10) was observed in laboratory
measurements. The apparent reason appears to be the
complexity of the baseband equaliser utilised for the
WLAN standard. A more complicated channel equalisation
filter recovers the 3 dB difference for the zero-IF OFDM
signals. It is important to note that WLAN transceivers are
designed for the 3 dB tougher case; thus, given same
SNDR degradation, the amplitude and phase balance
requirements for zero-IF OFDM systems are more
stringent than DSB modulation systems.

Equations (9) and (10) were further validated by lab
measurements. A sweeping gain/phase imbalance was
deliberately introduced to the modulator and the EVM of
the modulator output was measured when using a
WCDMA downlink signal and a 64-QAM zero-IF
WLAN signal. The calculated IRR contour over gain/

phase imbalance and the measured EVM were compared in
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Figure 7 Calculated IRR (IRR_Calculated) against simulated SNDR for WCDMA (SNDR_WCDMA_Sim) and zero-IF OFDM
(SNDR_WLAN_Sim) signals with gain and phase errors (gain error = 0.1 k dB, phase error = 1 k degree)

Left axis: absolute value of calculated IRR and simulated SNDR; Right axis: difference between calculated IRR and simulated SNDR for
WCDMA (Diff_IRR_SNDR (WCDMA)) and WLAN (Diff_IRR_SNDR (WLAN))

Fig. 8. Given the same gain/phase imbalance, the measured
EVM of zero-IF WLAN signal is 3 dB worse than that of
WCDMA signal because of the above-mentioned reason.
The measured EVM for both signals has a good match
with the calculated IRR (zero-IF WLAN with 3 dB
offset), which consolidate the method to use (9) and (10)
to predict the waveform quality degradation due to the
gain/phase imbalance for both DSB modulated signals and
zero-IF SSB modulated signals.

Low-IF OFDM systems: Unlike DSB modulated and zero-IF
OFDM signals, low-IF OFDM signals are much less
sensitive to gain/phase imbalance because all the SSB
modulated sub-carriers are up-converted to one sideband,

12 : -

TI\E

TN

‘ & IR-WCDMA
THED IR-WLAN
i Meas-WCDMA
+  Meas-WLAN

Phase Error (deg)

Gain Error (dB)

Figure 8 Measured EVM contours for WCDMA (Meas-
WCDMA) and zero_IF WLAN (Meas-WLAN) and calculated
IR contours for WCDMA (IR-WCDMA) and zero_IF WLAN
(IR-WLAN) against gain/phase error

as discussed in Section 2.3. Therefore the image spectrum
is in the opposite sideband instead of the signal band. As
shown in Fig. 9, trace (1) shows the measured spectrum of
a real low-IF WLAN signal (fio = 3.4 GHz) without
quadrature imbalance, with all the sub-carriers in the upper
sideband. Trace (2) shows the measured spectrum for the
same signal with certain gain/phase imbalance introduced.
It is obvious that the image spectrum is out of the signal
band and thus would not cause SNDR/EVM degradation,
which is the third advantage of low-IF OFDM architecture
besides less in-band distortion and the immunity to DC
offset as discussed in Sections 2.2.1 and 2.2.2.

However, low-IF OFDM architecture has two drawbacks.
First, the image spectrum is out-of-band and part of the
in-band distortion is shifted out-of-band, which introduces
more adjacent channel interferences. This means more
efforts are needed to meet the spectrum mask specification.
An interesting observation is that if considering only gain/

& & &

Power Spectrum (dBm)
8

-85

05 - - - - - - - - .
335 336 337 338 339 340 3IM 342 343 344 345

Frequency (GHz)

Figure 9 Measured spectrum of a low-IF WLAN signal: (1)
without gain/phase imbalance; (2) with gain/phase
imbalance
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phase imbalance, in low-IF WLAN systems, because the
image spectrum is out-of-band, with as small as 0.2 dB
gain error or 2° phase error, the spectrum mask will be
violated. However, as shown in Fig. 8, in zero-IF WLAN
systems it requires at least 0.7 dB gain error or 4.6° phase
error to exceed the worst-case EVM (—25dB for
WLAN). This means more stringent gain/phase imbalance
specification is required for low-IF OFDM systems in
order to meet the spectrum mask than that for zero-IF
OFDM systems to meet the EVM requirement. Second,
the implementation cost is higher than the zero-IF OFDM
systems because the sampling rate of the DACs in the low-
IF OFDM systems has to be at least doubled.

3 Linear and non-linear
behavioural model

Behavioural modelling is an efficient approach to characterise
the non-linear distortion of non-linear devices. To the
author’s best knowledge, litter research work has been done
for behavioural modelling of quadrature modulators. In this
section, a behavioural model was developed for characterising
both non-linear distortion and linear static errors (DC offset
and gain/phase imbalance) for a passive microwave quadrature
modulator manufactured by PolyPhase Microwave Inc. It is
worth mentioning that the modelling methodology is applied
to generic quadrature modulators.

3.1 Model structure

Quadrature modulators  typically implement separate
amplifiers and mixers for the in-phase and quadrature
signal paths prior to the RF combiner; thus the two paths
are considered isolated from each other either electronically,
for example, double balanced Gilbert cell mixers or
electrically through hybrid couplers. Therefore the non-
linear characteristic of I and Q channels of the modulator
can be modelled as a sum of two bandpass non-linearities
that are described as the sum of two complex power series.
This leads to the baseband equivalent model of the
quadrature modulator as shown in Fig. 10, where G
and (N?Q are complex transfer characteristics of the
up-converting circuitry of I and Q channels, respectively,
both described as envelope complex power series [9]. The
model result is the envelope of the modulator RF output,
which can be obtained by the quadrature summation of the

zZ,0

I(t)

»—{G;

= ()
Qm~—{% 1]
Figure 10 Baseband equivalent non-linear model of
quadrature modulator
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envelopes of the I and Q-channel outputs
Zrp(t) = %;(2) +j%Q(f) 11)

The non-linear behavioural model [9] was extended in this
paper to be able to accurately capture both non-linear
distortion and linear static errors. The DC offset and gain/
phase imbalance are modelled as three add-on coefficients
arolagp, & and 0 that are added into the two complex
power series, as shown in (12) and (13).

N

()= G U =ag+a, I+ Y ol (12)
n=3,0dd

N
2o(0) = Ggl QO] = agy +aq 18°Q+ Y 4,Q"
n=3,0dd

(13)

where 4, and 4, , are the complex power-series coefficients
characterising the non-linear response of the I and Q
channels. These coefficients were extracted by an offset
single-tone sinusoid AM—-AM and AM—PM measurement
and least-square curve fitting [9]. The coefficients a;0/ag,0,
6 and 6 characterise the DC offset, amplitude imbalance
and phase imbalance between the I and Q channels,
respectively. These three static error coefficients are extracted
using a four-point vector network analyser (VNA)
measurement as described in the next section.

3.2 Linear static errors modelling

A four-point VNA measurement was conducted to extract
the three model coefficients characterising the DC offset
and gain/phase imbalance. Four DC inputs to the

quadrature modulator are

(1)I =+B, Q=0
@) I=-B,Q=0

)I=0,Q0=+B
#HI=0,Q0=—B

The input voltage setting, B, was chosen as 100 mV in order
to operate the modulator well within the linear region and
thus the non-linear phenomenon is negligible. Under this
condition, the modulator envelope output is

é][](f)] = ﬂLO + &I,ll = ”I,O + (xl'l +‘]_.J/I71)I (14)

GolQW = agy+ g, - 6-¢'Q=ay,+ (xg1 +991)Q
(15)

Combining (11), (14) and (15) we obtain

Zre(#) = (ago + 2711 — 351 Q) +jlag + yr11 + %91 Q)
(16)
The output complex envelopes were measured using a VNA.

Denote the real anfl {maginalry parts o~f tl}e output
complex envelopes as I, I, I,, I3 and Q,, Q;, Q,, O5. By
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equating the real and imaginary parts in (16) for the four
measurement points, we have

1 1eh -
”I,OZZZL‘ aQ,OZZZQi
i=0 i=0

xpy =Ty —1,)/2B) y;1=(Q, — 0,)/2B)
xg1 = (0 — 09)/2B)  yo, = —(I, — 1,)/(2B)

(17)

Knowing a;, a0, %11, y1,1, ¥0,1, ¥0,1, the gain/phase error
terms (6 and 6) and CL can be calculated as

xg1 + V01
%1+ i1

0= L(xQ,l +J)’Q,1) — L(xpg +jvr1) (18)

afy+ ﬂZQo
CL(@Bm) = 10 log( - "2%) + 30

The four-point measurement is able to extract all the linear
errors model coefficients utilising only a DC voltage source
and a VNA with four easy measurements. This extraction
approach was validated by the SSB image rejection (IR)
and CL measurements. A SSB sinusoidal signal was
applied to the modulator inputs at a RF of 3.4 GHz. The
IR and CL were measured and compared with the
modelled results. They are in good agreement with a
discrepancy less than 1 dBc, which indicates that the four-
point measurement is an accurate approach to extract the
model coefficients for the modulator static errors.

The complete model parameters for the quadrature
modulator at 3.4 GHz are presented in Table 1. The
complex power series coefficients Zl,i and 2 ; of order
N=11 characterise the I and Q-channel non-linear
responses; the real coefficients azo/ap characterises the
DC offset; 6 and 6 characterise the gain/phase errors.

4 Simulation and measurement
results

The non-linear behavioural model of quadrature modulators
was validated through measurements using three wireless
signals, WCDMA, zero-IF WLAN and low-IFF WLAN,
which represents the three applications discussed in Section
2: DSB modulation, zero-IF SSB OFDM modulation and
low-1F SSB OFDM modulation systems. The out-of-band
distortion of the modulator was characterised by the ACPR
measurement. ACPR is a key figure-of-merit in
quantifying the adverse impact of spectral regrowth on the
adjacent channels. Different communication signals have
different ACPR specifications. In WCDMA systems, a
slightly different name, adjacent channel leakage ratio
(ACLR) is used and defined as the ratio of the total power
within the desired information bandwidth to the total
power in an adjacent channel bandwidth, with a frequency

Table 1 Non-linear behavioural model coefficients

Static linear | DC offset [ a,, 0.0017
errors ag.0 0.0014
Gain err 1 1.0045
Phi Err, 0 —0.3313
(deg)
nonlinear responses b,y | —0.05842 4 0.47786:i

b,s | 0.21239 + 0.046232i

bys | —0.20392 — 1.0439i

b,; | 0.004129 + 1.5826i
bs | 0.090961 — 1.0033i
b,11 | —0.035703 4 0.23708i

bq1 | —0.05842 + 0.47786i

bq;s | 0.13421 + 0.038073i

bq s 0.16119 — 0.9349i

bq,7 —0.6273 + 1.3725i

bqo 0.57698 — 0.84178i

baii | —0.17532 + 0.19214i

offset away from the carrier frequency by (i) 5 MHz and
(ii) 10 MHz [22].

In this section, two WCDMA signals were applied to the
quadrature modulator and its non-linear behavioural model:
(i) an uplink pilot signal; (ii) a downlink test model 5
signal. The modelled and measured ACLR at 5 MHz
offset were compared. Fig. 11 shows the measured against
the modelled lower sideband ACLR. There is an excellent
agreement (within 1 dB difference) between the measured
and modelled ACLR, indicating that the non-linear model
predicts the out-of-band distortion of the quadrature

65 -
60 -
55 {6
50
45 -
40
35 -
30
25
20

—&— Measured
—&— Modeled

ACLR Lo (dBc)

-20 =15 =10 -5 0
Output Power (dBm)
Figure 11 Measured and modelled ACLR (lower sideband):

(1) WCDMA downlink test model 5 signal; (2) WCDMA
uplink pilot signal
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modulator in the DSB modulation applications very
accurately. The ACLR of the upper and lower sideband are
very close for both measured and modelled results. This
symmetry indicates that there is no significant memory in
the modulator.

For WLAN signals, there is no explicit ACPR definition
[23] because EVM is the more stringent metric. For the
purpose of model validation in characterising out-of-band
distortion, in this paper, an ACPR is defined for WLAN
signals as the ratio of the total power within the desired
20 MHz bandwidth to the total power in an adjacent
20 MHz channel bandwidth, with a frequency offset
of 20 MHz. WLAN signals use OFDM modulation and
have a nominal bandwidth of 20 MHz and 52 active sub-
carriers. Various modulation types including BPSK, QPSK,
16 QAM and 64 QAM are used for each sub-carrier to
provide flexibility for improving system capacity and
ensuring system capability [23]. Two configurations of
zero-IF and low-IF WLAN signals were used in the
ACPR measurements: (i) 64 QAM OFDM modulation
with 54 Mbps data rate and (ii) QPSK OFDM modulation
with 36 Mbps data rate.

The upper and lower sideband ACPR are also symmetrical for
the zero-IF OFDM case because the modulator has no
significant memory. The lower sideband ACPR results for 64
QAM OFDM modulated zero-IF WLAN and QPSK
OFDM modulated zero-IF WLAN against output power
were plotted in Fig. 12. Note that the ACPR for the two
zero-IF WLAN signals are close because they have similar PAR.

The measured and modelled upper and lower sideband

ACPR results for 64 QAM OFDM modulated low-IF
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Z 31
2
g 29
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§ 27 4
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=21 -19 -17 -15 -13 -1 9 -7 -5
a
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334 —+— Modelled
@ 31
=
S 294
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2
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=21 -19 -17 -15 -13 -1 -9 -7 -5
Output Power (dBm)
b

Figure 12 Measured and modelled ACPR (lower sideband)

a Zero-IF WLAN signal with 64 QAM OFDM modulation
b Zero-IF WLAN signal with QPSK OFDM modulation
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Figure 13 Measured and modelled ACPR (ACPR_Hi — ACPR
upper sideband; ACPR_Lo — ACPR lower sideband)

a Low-IF WLAN signal with 64 QAM OFDM modulation
b Low-IF WLAN signal with QPSK OFDM modulation

WLAN and QPSK OFDM modulated low-IF WLAN
against output power were shown in Fig. 13. Owing to the
third order harmonics shift as explained in Section 2.3.1, the
lower and upper sideband ACPR for the low-IF WLAN
signals are asymmetrical. For both zero-IF and low-IF
WLAN signals, the differences between the measured and
modelled ACPR are close within 1 dB, which proves that
the modulator non-linear behavioural model is accurate for
estimating the out-of-band distortion in both applications.

5 Conclusion

In this paper, we extend our previous non-linear behavioural
model of direct conversion quadrature modulators [9] which
characterises only non-linear distortion to a more complete
model for accurate characterisation of not only non-linear
distortion, but also DC offset and gain/phase imbalance in
modulators. In the new model, the non-linear coefficients
were extracted by an offset sinusoidal AM-AM and
AM-PM measurement and the linear error coefficients
were extracted by a straightforward four-point VNA
measurement. The linear model portion was validated by
CL and IRR measurements, and the non-linear model
portion was validated by ACPR measurements using
WCDMA, zero-IF WLAN and low-IF WLAN signals.
Moreover, in this work, the impact of physical impairments
on quadrature modulators, including non-linear distortion,
DC offset and gain/phase imbalance was investigated for
three different application scenarios of quadrature
modulators: DSB  modulation, zero-IF SSB OFDM
modulation and low-IF SSB OFDM modulation systems.
The analysis results were validated by EVM measurements.
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