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Abstract—A mismatch of the in-phase (I) and quadrature
(Q) signal path of a direct-conversion receiver results in IQ
imbalance, which distorts the demodulated signal. However, if
the imbalance parameters can be estimated, the influence of
the IQ imbalance can be compensated. We propose a novel
method to estimate the parameters during normal operation of
a stepped frequency continuous wave (SFCW) radar distance
sensor without the need for a pilot signal. To estimate the
imbalance parameters, we exploit the structure of the spectrum
of the demodulated signal. Evaluating our method on real sensor
data shows superior results especially for very short distances.

Index Terms—radar sensor, IQ imbalance, near field

I. INTRODUCTION

Quadrature receivers often suffer from IQ imbalance caused
by a mismatch of the in-phase (I) and quadrature (Q) signal
path, resulting in a distorted demodulated signal. For radar
sensors, this leads to a reduction of accuracy and should
therefore be compensated.

A frequently used method for IQ imbalance compensation
is the utilization of known pilot signals [1]. The parameters
of the IQ imbalance can be determined from the deviation of
the demodulated signals from the known pilot signal. Another
approach is to use the circularity of the received signal to
correct the 1Q imbalance without pilot signals [2], [3].

For radar distance sensors, IQ imbalance estimation often
uses a pilot signal, which is e.g. generated with a phase shifter
[4] or a target performing a sinusoidal motion [5], [6].

Due to aging of the hardware or temperature changes, 1Q
imbalance may change over time. To avoid a degradation of
accuracy caused by changed IQ imbalance parameters, the
parameters could be estimated online. However, this is not
feasible using pilot signals. As the IQ imbalance transforms a
received circular signal in the complex (I, Q) domain into an
ellipse, one approach for online estimation is to fit an ellipse
to the demodulated data and estimate the IQ imbalance from
the ellipse’s parameters [5], [7].

The mentioned approaches are used with radar sensors
operating in the far field only. We, in contrast, investigate
the online IQ imbalance compensation of a stepped frequency
continuous wave (SFCW) radar distance sensor for a near
distances range of up to zero mm, i.e. a sensor operating in or
close to the near field. For such sensors, the aforementioned
approaches are not feasible. In the near field, the attenuation
of the received signal strongly depends on the distance d of
the target to the sensor. The received signal thus describes
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Fig. 1. Near field signal (left) with attenuation clearly depending on distance
d and far field signal (right) with nearly distance independent attenuation.

a spiral instead of a circle, as shown in Fig. 1. Estimating
the IQ imbalance by ellipse fitting or with circularity-based
approaches is therefore not suitable for near field applications.

We propose an alternative approach for online IQ imbalance
estimation based on the spectrum of the received signal. 1Q
imbalance results in the spectrum of the received signal being
superimposed with a mirrored image of the spectrum. We pro-
pose a novel approach to estimate the IQ imbalance from the
ratio of the desired signal’s spectrum and the image spectrum
by disaggregating the spectrum into these two components.
Our goal is to estimate the IQ imbalance parameters during
the normal operation of the sensor.

II. 1Q IMBALANCE

In a quadrature receiver, the received signal is first multi-
plied with the local oscillator (LO) signal, whose frequency
matches the carrier frequency. Then it is amplified and filtered
with a low-pass filter before being digitized. If a quadrature
design is used, the receiver has two paths, the in-phase (I) path
and the quadrature (Q) path.

The received signal r(t) with carrier frequency wy contain-
ing the I signal z;(¢) and the Q signal zg(t) is given as

r(t) = xr(t) cos(wot) + zg(t) sin(wot). (D)

This signal is multiplied with the LO signals s;(t) = cos(wot)
and sg(t) = sin(wot) of the I and Q path, respectively. The
multiplication produces the signals

ur(t) = r(t)s(t) 2
= x7(t) cos®(wot) + g (t) sin(wot) cos(wot)  (3)

r(t)
2

(1 + cos(2wot)) + x%(t) sin(2wot)  (4)
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Fig. 2. Block diagram of a direct-conversion receiver with 1Q imbalance.

and
uq(t) = r(t)sq(t) Q)
= x7(t) cos(wot) sin(wot) + g (t) sin®(wet)  (6)
- x12(t) sin(2wot) + J:QT(t) (1 —cos(2wot)). (7)

Amplifying u;(t) and ug(t) by a factor of two and low-pass
filtering them results in the desired demodulated signals

y[(t) =XIr (t) (8&)

Yo (t) = rQ (1). (8b)

A mismatch between the I and Q path, caused for example

by a deviation of the phase shift of the LO signal or by a

difference in the amplification, results in IQ imbalance. The

imbalance consists of a phase and a gain imbalance. Both

can be modeled by modifying the LO signals s;(t) and s (¢)

to include the gain imbalance o and the phase imbalance v.
Without loss of generality, we assume

and

s1(t) = acos(wpt) and

sq(t) = sin(wot + v).

(9a)
(9b)
Fig. 2 shows the block diagram of a quadrature receiver with

IQ imbalance modeled this way.
After demodulation, the resulting I and Q signals are

yr(t) = azy(t) and (10a)

yo(t) = x1(t) sin(v) + zq(t) cos(v). (10b)
The relationship between the demodulated signals y;(¢) and

yo(t) and the desired signals z;(t) and xzg(t) can also be
expressed using a distortion matrix M:

(552((?)) =M (;ECI;((?)) , M= (Sinozy) COE?(V)> (11)

To correct the 1Q imbalance, we rearrange (11) to calculate
the desired signals

xl(t)> 1 (y;(t))
=M 12
<xQ<t> yo() (12
with the inversed distortion matrix
1 é 0
M = | _tan(v) 1 . (13)
a cos(v)

Consequently, if we can estimate the phase imbalance v and
the gain imbalance a, we can easily correct the IQ imbalance.

—— k1 X (k) —— ko X*(—k) === Y(r) r

—-0.2 0 0.2 0.4
normalized spatial frequency &

magnitude in dB

—-04

Fig. 3. Magnitude of the Fourier transform Y (x) and its components k1 X (x)
and k2 X*(—k) for « = 0.99 and v = 1°.

III. IQ IMBALANCE ESTIMATION

In contrast to quadrature receivers in use for communica-
tions, the received signal of an SFCW distance radar does not
depend on the time ¢ but on the distance d of a target to the
sensor. The complex demodulated signal in the spatial domain
for a fixed carrier frequency is thus

y(d) = y1(d) +jyo(d).

The desired signals z;(d) and zg(d) can be expressed as
real and imaginary part of z(d) = z;(d) + jrg(d):

(14)

*(d
21(d) = Re{a(d)} = % and  (15a)
d _ *
zo(d) = Im{z(d)} = W. (15b)
Inserting this into (11) and simplifying leads to
a+ el a—e v
y(d) = 5 x(d) + 5 % (d). (16)
By setting iv
ky = aJ;e and (17a)
a—e W
ko = 5 (17b)
we can write (16) as
y(d) = k12(d) + kaz™(d). (18)

Using the Fourier transform, we can express the demodu-
lated signal in the spatial frequency domain as

V() = F{y(d)} = k1 X (k) + k2 X" (=5).

The resulting signal Y (k) thus consists of the desired signal
X (k), which is superimposed with a scaled, mirrored and
complex conjugated copy of itself. In an ideal receiver, this
image would be completely suppressed due to ks = 0.

Fig. 3 shows the magnitude of the resulting signal Y (x) and
its components. As a distance increase of half the wavelength
corresponds to one complete rotation in the complex (I, Q)
plane, the maximum of the spectrum is at the normalized
spatial frequency kmax corresponding to half the wavelength.
At the mirrored spatial frequency —kKmax, the maximum of the
image occurs. The spectrum at those frequencies is given as

Y(Hmax) = le
Y(_"fmax) = k‘lX

19)

and (20a)

(20b)

(Hmax) + kZX*(*Hmax)
(_Kfmax) + k2X*(K1max)-

2031



If we assume that there is only one target present in the
measuring range, the signal is approximately zero at the
mirrored frequency —kmax, Which results in

Y(ﬁmax) ~ le(Hmax)
Y(_Kfmax) ~ kQX*(/fmax)-

and (21a)

(21b)
Consequently, only the desired signal contributes to the spec-

trum at the frequency rn.x and the spectrum at the mirror
frequency —kmax is only influenced by the image. Defining

Y(_Kmax)
K = X/ 22
Y*(Kmax) ) ( )
we get
k’g o — e’j”
K —= —— 23
k¥ a+e v’ 23)

which can be used to estimate the imbalance parameters as

14K

o = m and (24)
1+ K

) = — . 25

z arg(l_K> (25)

IV. EVALUATION

We evaluated the performance of our proposed “image”
method in several experiments using real data measured with
an SFCW radar distance sensor. The measurements were car-
ried out with carrier frequencies between 24 GHz and 26 GHz.
We compared the results of our image method to a method for
offline 1Q imbalance estimation using a pilot signal and to the
ellipse method proposed in [5].

An often used quantity to assess a receiver is the signal-
to-image ratio (SIR). It is defined as the ratio of the spectral
power of the desired signal to that of the image, that is

|k1]> 14 a? 4 2acos(v)
ka2 14 a2 —2acos(v)’
A. Offline 1Q Imbalance Estimation with Pilot Signal

SIR =

(26)

First, we used the pilot signal utilized for the offline esti-
mation to evaluate our proposed method. The pilot signal is a
circular signal without attenuation equidistantly sampled over
a distance of twice the wavelength, which equals four rotations
in the (I, Q) plane. Our image approach as well as the ellipse
method yield very similar results to the pilot method, see
Fig. 4. For both the estimated gain and phase imbalance,
the differences between the methods are very small across all
investigated carrier frequencies. For all methods, the corrected
resulting signal is a circle. Consequently, our proposed method
is suitable for offline IQ imbalance correction.

B. Online IQ Imbalance Estimation

To evaluate the online estimation capabilities of our ap-
proach, we measured the received signal for different target
positions. We moved the target from a distance of zero to
190 mm with a spatial resolution of 0.1 mm.

image
ellipse
pilot
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carrier frequency Fc in GHz

Fig. 4. Gain and phase imbalance « and v, respectively, estimated from a
pilot signal.

1) Mean Target Distance: In order to evaluate the influence
of the target distance during the IQ imbalance estimation, we
used intervals with a length of 20 mm each as input for the
imbalance estimation. The results show that the success of the
estimation methods strongly depends on the target distance.
For short distances, the image method is very close to the
results of the pilot method, while the ellipse method does
not work reliably. Fig. 5 shows the gain and phase imbalance
estimated from measurements between zero and 20 mm. The
imbalance parameters estimated with the ellipse method show
a strong oscillation over the carrier frequencies and deviate
considerably from the pilot method. On the other hand, the
difference between the parameters estimated with the image
and the pilot method is slightly more noticeable than with the
pilot signal, but remains small.

The result of using these estimated imbalance parameters to
correct the measurement is depicted in Fig. 6 and Fig. 7. Both
in the spatial and the spatial frequency domain, the difference
between the ellipse method and the other methods is clearly
visible. It manifests in a visible deformation of the spiral in the
spatial domain and the amplification of the image signal in the
spatial frequency domain. Our proposed method, in contrast,
reduces the image signal even more than the pilot method.

The ellipse method’s poor performance for short distances
is not surprising, as the signal resembles a spiral instead of an
ellipse. For larger distances, the turns of the spiral are closer
together and thus more similar to a circle or an ellipse.

To evaluate the methods, we calculated the mean SIR over
all carrier frequencies. The uncorrected signal exhibits a mean
SIR of 28.8dB. Using the parameters estimated with the
pilot method, the mean SIR can be increased to 42.9 dB. Our
proposed method further increases the mean SIR by over 10dB
to 53.7dB. As already expected from Fig. 7, the mean SIR of
the ellipse method (18.5 dB) is significantly lower than the one
of the uncorrected signal.

Fig. 8 shows the mean SIR of our proposed method, the el-
lipse and pilot method and the uncorrected signal for different
target distances. The depicted distances are the mean distance
of each interval of length 20 mm used for the estimation of the
IQ parameters. The SIR achieved with our method is above
the pilot SIR for almost all distance intervals. It achieves
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Fig. 5. Gain and phase imbalance « and v, respectively, estimated from target
distances between 0 mm and 20 mm with a spatial resolution of 0.1 mm.
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Fig. 6. Demodulated signal y(d) for distances between 0 and 20 mm with
Fc = 24.28 GHz and the IQ corrected versions of the signal.

its highest SIRs for shorter distances and decreases slightly
for larger distances. In contrast, the ellipse method performs
poorly for smaller distances and stabilizes above 70 mm, but
on a lower level than both other methods.

2) Number of Samples With a Fixed Spatial Resolution:
We evaluated the influence of the number of samples used for
the parameter estimation, when the spatial resolution remains
unchanged. In the previous experiment, we used 200 samples
with a sample distance of 0.1 mm to estimate the parameters.
We now estimate the parameters using 50, 100, 150, 200 and
400 samples with the same spatial resolution. Fig. 9 shows the
mean SIRs for the signals corrected using these estimates. For
the image method, using less than 150 samples for parameter
estimation leads to lower SIRs than the uncorrected signal.
The ellipse method, in contrast, performs equally well for
all examined cases, therefore outperforming the otherwise

uncorrected
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Fig. 7. Magnitude of the Fourier transform Y (k) of the demodulated signal
for distances between 0 and 20mm with Fo = 24.28 GHz and the 1Q
corrected versions of the signal.
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Fig. 8. Mean SIR over the middle distance of each interval with a width of
20 mm used for estimation of the correction parameters.

—o— image: 50 —v— image: 100 —«— image: 150
—e— image: 200 —— image: 400 —e— ellipse: 50
—o— ellipse: 400 —— pilot

uncorrected

mean SIR in dB
S
=

| | | | |
80 100 120 140 160
mean target distance d in mm

Fig. 9. Mean SIR with different number of samples used for the parameter
estimation over the mean distance of the interval used for estimation of the
correction parameters.

superior image method significantly for less than 150. For
50 samples with a spacing of 0.1 mm, the samples form
eight tenths of an ellipse, which is enough to estimate the
ellipse parameters. Further investigations showed degrading
performance of the ellipse method for fewer samples than 50.

3) Spatial Resolution: In contrast to the previous section,
we now change the spatial resolution while keeping the
distance interval used for estimation at 20mm. The SIR
resulting from correction parameters estimated at different
spatial resolutions is shown in Fig. 10. With a sample distance
of 2mm, which results in only ten samples being used for
estimation, the image method yields an SIR mostly below
the SIR of the uncorrected signal. The performance increases
significantly with the spatial resolution. For target distances
below 70 mm, it outperforms the pilot method even for a
sample distance of %mm. The ellipse method also performs
unsatisfactorily for a sample distance of 2mm and achieves
good results comparable to Fig. 8 for higher spatial resolutions.

To better understand the influence of spatial resolution, we
evaluated the SIR for different spatial resolutions with a fixed
number of samples. In contrast to the previous experiment, the
distance interval covered by the samples used for estimation
is not fixed anymore. Fig. 11 shows the results for different
spatial resolutions using 65 samples for the estimation.

In this case, the SIR of the image method for a sample
distance of 0.1 mm is worse than the SIR of the uncorrected
signal. This is in line with our previous finding that given
this spatial resolution, we need at least 150 samples to get
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Fig. 10. Mean SIR for different sample distances used for the parameter
estimation over the middle distance of the 20 mm interval used for estimation
of the correction parameters.
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Fig. 11. Mean SIR for different spatial resolutions used for the parameter
estimation over the middle distance of the 65 samples long interval used for
estimation of the correction parameters.

good results. For sample distances of 0.3 mm and above, the
image method performs comparably to 200 samples with a
sample distance of 0.1 mm, but with reduced fluctuations.
This implies, that in order for the image method to produce
meaningful results, the samples used for estimation need to
cover an interval of at least one to 1.5 times the wavelength,
which corresponds to two to three rotations in the (I, () plane.

The ellipse method performs comparably well for all spatial
resolutions, but exhibits stronger fluctuations in comparison to
previous experiments.

C. Non-Equidistantly Sampled Data

In the previous experiments, we assumed the data to be
sampled equidistantly. This is possible, if the sensor is used
to measure targets with a uniform movement. However, this
does not necessarily correspond to real-world applications.
We therefore investigated the methods’ performance, if the
data is not sampled equidistantly. For the ellipse method, this
has no influence on the results. The image method, however,
requires equidistantly sampled data to perform the discrete
Fourier transform (DFT). We chose to use cubic interpolation
to get uniformly distributed samples. As the signal is smooth,
the interpolation works well, provided that there are enough

samples per rotation. Our experiments showed that the inter-
polation performs very well, if the maximum distance between
two samples is not larger than one tenth of the wavelength,
which corresponds to one fifth rotation in the (I, Q) plane.

D. Noisy Distance Information

While the ellipse method relies solely on the shape the
samples form in the (I, Q) plane, the image method depends
on the correct distance information for each sample. As the
online IQ imbalance estimation is to be carried out during
normal operation, the distance information has to come from
the sensor itself. This information is influenced by several
factors, amongst others how well the IQ imbalance is currently
compensated. We thus investigated the influence of noisy
distance information on the image method.

We found that the critical factor is whether the noise leads
to samples not being in the same order as their distance
information. Assuming a normally distributed distance noise,
if the standard deviation of the noise is smaller than a third
of the sample distance, less than 1 % of neighboring samples
are swapped and the SIR is slightly degraded. For a standard
deviation of one fourth of the sample distance, this decreases
to less than 0.05 %. In contrast, standard deviations of more
than half the sample distance lead to unsatisfactory results.

V. CONCLUSIONS

We presented a method for online estimation of 1Q imbal-
ance from the spectrum without the use of pilot signals. We
evaluated the method using an SFCW radar distance sensor
and compared it to the ellipse method. When used on a pilot
signal, our proposed image method performed as well as an
offline estimation using pilot signals. For online correction, it
outperformed both the ellipse and pilot method, if the samples
are distributed over an interval of at least one to 1.5 times the
wavelength and the distance information is not too noisy.

Using our method, online estimation of the 1Q imbalance of
an SFCW radar distance sensor during operation in or close
to the near field is feasible.
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