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Abstract—Modern 6G transceivers operate in the sub-THz
band (100-300 GHz). Due to the high operating frequencies,
baseband processing becomes particularly challenging. 6G
systems propose using these frequency bands to achieve
higher data capacity, but handling multi-GHz wide baseband
signals presents a technical challenge. The purpose of this
work is to investigate the interference mechanisms in a
complex-IF downconversion receiver that selects distinct
channels, often referred to as Component Carriers (CC) for
independent processing. It is anticipated that the majority of
receivers in the future will have similar architectures,
because state-of-the-art analog-to-digital converters cannot
process signals above 2-3 GHz bandwidth. Hence, the wide
baseband must be divided into multiple component carriers,
each will be processed separately in the digital domain. The
receiver example in this work consists of eight component
carriers and the bandwidth is up to 8 GHz. Interference due
to image frequencies and harmonic mixing was studied using
a MATLAB-based mathematical model. The results were
verified through circuit-level simulations using passive
Metal-Oxide—Semiconductor (MOS) mixers implemented in
130-nm SiGe BiCMOS technology, provided by the Leibniz
Institute for High Performance Microelectronics (IHP)
Solutions GmbH. Analog and digital mitigation techniques
are described. Simulation results are provided for
cancellation of harmonic mixing effects and cancellation of
image frequency components in the digital domain. Image
Rejection Ratio (IRR) improvement of about 10 dB was
observed (from 25.5 dB to 35.6 dB), which is sufficient to
detect the signal.

Keywords—6G, co-channel interference, complex mixers,
component carriers, harmonic mixing, image rejection ratio,
THz receiver

I. INTRODUCTION

In this paper, two interference mechanisms (image
frequencies and harmonic mixing) are studied in a multiple
carrier complex-IF receiver architecture [1-3]. Let us
assume we have eight channels or Component Carriers
(CC) located at positive and negative frequencies of the
complex baseband. Each of them carries information, as
shown in Fig. 1.
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Fig. 1. Eight component carriers.
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Fig. 2. The receiver architecture: An IQ downconversion stage followed
by two complex mixers.

Fig. 2 shows the receiver architecture. The receiver
starts with a traditional IQ downconversion mixer, it
downconverts the eight CCs from the 300 GHz band to a
complex-valued and very Broadband Baseband (BB)
signal with a bandwidth of up to 8 GHz, having CCs A-D
at negative and E-H at positive frequencies [4]. The
downconversion may occur in a few steps, but for
simplicity only one 1Q mixer is shown.

Two analog buffers are placed after the IQ mixer, their
purpose is to provide extra gain and drive the succeeding
complex mixers with differential I and Q signals. Then
each component carrier is further shifted to DC (0 Hz) by
a complex downconversion mixer that can shift the
complex spectrum to left or right. The outputs of the
complex mixers are summed in the current domain using
Transimpedance Amplifiers (TTAs).

Afterwards, they are separately filtered, digitized, and
further processed, as illustrated for two channels in Fig. 2.
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The complex baseband signal is too broad to be
digitized at one step, thus processing it continues in the
analog domain.

There are two major interference mechanisms: image
frequency, and harmonic mixing. The image is caused by
mismatches in amplitude in the receiver’s I/Q paths [5-7],
and LO phases [8-10]. The amplitude mismatches of the
mixers are labeled in Fig. 2 as al, 02, and a3, while Local
Oscillator (LO) phase mismatches are modeled as ¢1 and
¢2. The image appears as a mirrored replica of the channel
from the opposite side of DC. For example: the mirrored
and attenuated spectrum of channel D will appear on the
top of channel E, when down converting channel E to DC
in Fig. 1.

The magnitude of image signal and its dependence on
the gain and phase mismatches were studied in more detail
in [11]. The other issue is harmonic mixing [12—15].
Harmonic mixing is caused by the shape of mixing
function, which is typically more nonlinear than the LO
waveform itself. This is because the mixing transistors are
usually hard driven on and off, as that maximizes the gain
and minimizes their noise contribution. As an example,
down converting channel E will also pick channels F and
G, if the LO has 3™ and 5™ harmonics [16]. The model
above shows eight component carriers, and this makes
harmonic mixing between the component carriers a major
problem for the component carriers nearest to DC.

The paper is structured as follows: Section II illustrates
the mixing artefacts, causes of image frequency and
harmonic mixing issues, and a few analog techniques to
minimize their effects. Section III describes a cancellation
technique applied in the digital domain. A comparative
analysis is presented in Section I'V. Lastly, conclusions are
made in Section V.

II. MIXING ARTEFACTS

This section explains why image and harmonic mixing
errors appear. As shown in Fig. 2, the receiver consists of
a normal 1Q downconverter, followed by two complex
mixers. Each complex mixer shifts one channel (D or E in
Fig. 2) to be centered at DC.
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Fig. 3. Complex mixer: (a) complex mixing operation (b) complex
mixer’s structure.

Fig. 3 shows the structure of a complex mixer. Ideally,
it can down convert the positive frequency component
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carrier to DC while cancelling the negative frequency
carrier, or vice versa, depending on the order of the Local
Oscillators (LO) fed.

However, the image rejection relies on the phase
accuracy of the sine and cosine LOs, and the matching of
the conversion gains of the mixers. The effects of I/Q
mismatches on the complex mixer’s IRR have been
studied in Ref. [17, 18]. But in this work the Image-
Rejection Ratio (IRR) analysis is more comprehensive as
it considers all the nonidealities (amplitude and phase
mismatches) of the complex mixer and the preceding 1Q
mixer.

The operation principle of a complex mixer is illustrated
through Egs. (1-4) [11], the following equations are
derived from Fig. 3 (b):

I = Icos(wypt) — Q sin(wyot) (1)
Q1 = Isin(wypt) + Q cos(wypt) 2)
I, =Icos(wipt) + Qsin(wypt) 3)
Q2 = —Isin(wyot) + Q cos(wyot) (4)

where I and Q are the inputs to the complex mixer that
originate from a conventional IQ mixer. /1, @1, 2, and @
are the differential outputs of the complex mixer.

Each of the outputs /1, Q1, > and Q- are real signals, but
they can be treated as a complex signal when they are
measured differentially. Hence the phase information is
preserved, and the corresponding image signal is canceled.

A. Image Frequency Issue and Image-Rejection Ratio
(IRR)

I/Q mismatch can occur in quadrature mixers, resulting
in leakage between the CCs when they are placed in the
upper and lower sideband. The leaked CC that appears on
the desired CC is known as image. This has been studied
in Refs. [17-19]. The amount that the image signal is
suppressed with respect to the wanted sign is expressed by
the Image-Rejection Ratio (IRR) [20-22].

Different derivations of the IRR expression exist in
literature, depending on the mixer architecture, parameters
taken into account, and whether the IRR is considered
frequency dependent or not. Broadly, IRR in an IQ mixer
can be expressed as in Eq. (5) [21]:

Desired output signal __ (1+€)2-2(1+¢) cos H+1

IRR = T (1+&)2+2(1+¢) cos +1

)

Image signal

where ¢ is the amplitude imbalance (mismatch), and 0 is
the phase imbalance.

An extensive frequency-independent IRR expression
was derived in Ref. [11] for the receiver architecture in this
work, it includes the amplitude and phase mismatches in
the IQ mixer and complex mixer paths.

In general, a complex mixer is a bit less sensitive to
image errors than a traditional IQ downconverter [11, 19].
In our design, the complex mixer’s Image Rejection Ratio
(IRR) is about 35.3 dB when phase error is 2 degrees. Gain
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and offset trimming are commonly used in Gilbert cell type
mixers. In this work, it is implemented by the bias
adjustment of I and Q signal buffers.

The complex mixer is implemented with four passive
MOS mixers. In such case, gain mismatches in the mixer
path rise from mismatches in transistor sizes and threshold
voltages, affecting the on resistance (Ron) of the pass
transistor. Those can be mitigated by tuning a small series
resistance before the mixer. Tuning the phase errors
requires phase shifting in the LO path, which can be
implemented by a controllable delay, if the LO is
generated digitally.

B. Harmonic Mixing Issue and Analog Mitigation
Techniques to Reduce it

Another problem is the mixing of harmonics. That has
been a known problem, e.g., in cable TV, where the input
spectrum is full of channels, so that picking one channel
can pick a portion of the signal at an LO harmonic as well
[23, 24].

3" and 5" harmonic rejection have been studied in [13]
for a 400-t0-900 MHz receiver, but this work targets a
higher frequency (up to 8 GHz).
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Fig. 4. Harmonic mixing in the complex mixer shifting the spectrum
leftwards by 0.5 GHz and having harmonics at positive frequencies.

In the given receiver architecture, the harmonic mixing
problem appears in the complex mixer stage. Harmonic

mixing itself is not entirely dependent on the LO waveform,

but on the waveform of the switched conductance: the LO
can be strictly sinusoidal, but the on resistance of the
switches still varies nonlinearly. Hence, the mixing
function has harmonics and will mix down signal from the
harmonics of the LO. If the mixing waveform is a square
wave, the magnitude of the harmonics varies inversely
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proportional to the harmonic, so the 3™ harmonic is down
by just —9.5 dB which is clearly excessive for OFDM
channels needing an approximate value of 30 dB SNR.

Fig. 4 illustrates the harmonic mixing in a complex
mixer, where the mixing function is 50% +/— switching,
having 3™, 5" and 7" harmonic mixing gains of level -9.5,
—14 and —16 dB, respectively.

Using the channel names shown in Fig. 1. Fig. 4 (a)
shows the fundamental signal E now centered at a
frequency of +0.5 GHz, and additional component carriers
F, G, H will be added at the positive frequencies, centered
to +1.5 GHz, +2.5 GHz, +3.5 GHz, one at a time. Fig. 4 (b)
shows the signal E down converted to DC, and its 5%
harmonic at —2 GHz. Fig. 4 (c¢) shows the mixing of
channel F (centered at +1.5 GHz): fundamental mixing
brings it harmlessly to +1 GHz and 5" harmonic mixing to
—1 GHz. Fig. 4 (d) shows signal G falling as an interfering
signal to DC by the 5" harmonic mixing. Lastly, Fig. 4 (e)
shows that channel F mixing is again harmless for
baseband reception of the desired channel E.

Above analysis showed that only the 5" harmonic
mixing causes the interference to channel E at baseband
when mixing leftwards and the interfering channels are at
positive frequencies.

Subsequently, mixing rightwards is checked, that would
bring channel D from —0.5 GHz to DC. Interferers F, G,
and H are still added one by one at positive frequencies
+1.5 GHz, +2.5 GHz, +3.5 GHz.

0
20
z
— 40
©
601
-80
P 2
T 0 T
S 20f 4
w
5 40 1
O .60 J
a 8oL L L1
2 1 15 2
0 r
2 20f 4
5 4ol 4
<]
< 60 J
-80 | T N T |
2 .1 1 15 2
0 T . r
2 20f
s 4ol
3 0
T 60
-80 1 1 1 1
1.5 A 05 05 1 15
0 " : : :
T 20} 1
= Lol i
3 0
< 60 i
80 1 L 11 I 1
1 05 0 05 1 1.5 2

f(GHz)

Fig. 5. Harmonic mixing in the complex mixer shifting the spectrum
rightwards by 0.5 GHz and having harmonics at positive frequencies.

Fig. 5 shows similar response for a complex mixer
converting rightwards. Now we see that 3™ harmonic
mixing of F and 7" harmonic mixing of H both fall to DC
where they interfere with the detection of the desired signal
D from —0.5 GHz. Hence, 3" and 7" harmonic mixing are
seen to come from carriers from the other side of the DC,
while the 5" harmonic mixing comes from the same side
of origin. All of them are at a prominent level.
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One technique to minimize the harmonic mixing is to
make the multiplying waveform (which is by nature more
nonlinear than the LO waveform) as sinusoidal as possible.
In DSP implementation that is easily done e.g., by
CORDIC generated sinusoids [25-27], but requires
sampling of the entire band, which in this case is several
GHz. One example of waveform tailoring in the analog
domain is presented in [28, 29], where multiple parallel
and binary weighted on/off mixers are combined to imitate
a sinusoidal mixing waveform.

Something can also be done by tailoring the LO shape.
In fully differential circuits the even harmonics are quite
low by nature, so it is the odd harmonics that are
problematic [30]. A trick commonly used in DC/AC
inverters is to reduce the duty cycle of the +/—switching,
and by varying the duty cycle between 30% and 40%,
either 3™ or 5™ harmonic can be cancelled. As shown in
Fig. 6, the best combination appears at 36%, where 3 and
5% harmonics are reduced to —24.89 dBc, and —11.69 dBc
respectively compared to the fundamental harmonic.
While 7% harmonic is much lower, hence not visible from
the graph.
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Fig. 6. Magnitude of the odd harmonics vs. LO signal’s duty cycle.

Further improvement requires utilization of Harmonic
Rejection Mixers (HRM). HRM implements multiple
amplitude levels in the mixing function, i.e., multiple
parallel switching mixers similar to [14, 28, 31].

RF transceivers frequently employ switching mixers
due to numerous advantages over alternative mixer
topologies [32]. Nevertheless, these mixers produce local
oscillator frequency harmonics, which must be filtered. As
an alternative, HRM can be used to reduce 3™ and 5%
harmonics.

A HRM consists of three mixers connected in parallel,
the center mixer has a gain of v/2, as shown in Fig. 7 (a).

This gain of V2 can be obtained by adjusting the
transconductance of the center mixer, or by scaling the
sizes of the mixer transistors. In the given receiver, it is
obtained by increasing the width of the transistors [31].

Three LO phases are needed (0°, 45°, 90°) to drive the
Fig. 8 (c) and Fig. 8 (d) illustrate the effect of complex
mixing. Ideally the complex mixer just moves the
spectrum in Fig. 8 (b) leftwards or rightwards, but due to
mismatches in the complex mixer, we will see signal c as
image to signal d and vice versa. This means that when
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receiving signal, A, it is summed with a spectrally flipped
(complex conjugated) channel B due to the IQ stage, and
non-flipped signal B as an image of the complex mixer. In
a similar manner, signal B is summed up by flipped and
non-flipped spectrum of signal A.

mixers, and the outputs of the mixers are summed
together. This results in a pseudo-sinusoidal LO function
that significantly reduces 3™ and 5" harmonics, these
effects are illustrated in Fig. 7 (b—c).
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Fig. 7. Harmonic Rejection Mixer (HRM): (a) structure of a HRM (b)
equivalent LO waveform (c) spectrum of the LO signal [31].

III. DIGITAL CANCELLATION OF THE INTERFERENCE

At the receiver’s outputs, all the component carriers A-
H will be available in the digital domain (although
digitized by different analog-to-digital converters). This
mabkes it possible to build a replica of the interference due
to image signal or harmonic mixing and subtract it in the
digital domain. In the following subsections, a few
examples are shown on how that can be done.

A. Digital Cancellation of Image Signals

To be able to cancel the interfering signal, we need to
know how the interference is generated and mimic that
mechanism. Starting from the architecture shown in Fig. 2,
we show how the image signal is formed and then use this
information to cancel it.

The image signals are illustrated for a pair of channels
in Fig. 8. To see the effect of the images, the signal should
be plotted as two-sided spectrum and be treated as a
complex envelope signal.

Fig. 8 (a) shows the IQ down conversion of a pair of
channels, ending up as channels A and B in the complex
baseband. Fig. 8 (b) shows the image generated in the 1Q
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down conversion: the image channel is flipped (complex
conjugated) and falls on top of the desired channel.
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Fig. 8. Illustration of image signal formation (a) Ideal down conversion
of RF channels to IF (b) IQ down conversion with the effect of amplitude
and phase mismatches (c¢) complex down conversion of channel B after
1Q down conversion (d) complex down conversion of channel A after IQ
down conversion.

Now that the interfering signals are known, a least
squares method (LSM) adaption to subtract the interferers
can be built. Egs. (6) and (7) [19] explain how channels A
and B are cleaned up from images.

Acorrectea = A—cl. B—c3. B¥ (6)

Beorrectea= B —c2. A —c4. A* @)

where A, B, A%, and B* indicate the desired channels
and their conjugates, cl, ..., ¢4 are the coefficients used for
the adaptation algorithm. Coefficients cl, ..., c4 are
complex-valued coefficients that must be adapted. The
normal recursive LSM adaptation works such that the
coefficients are updated by a product of remaining error
and the model function to be subtracted. If the original
signal to interference ratio is good enough, we can use the
uncorrected raw signals in Eqgs. (6) and (7), but for better
rejection the cleaned-up signals Acorrected, Beorrectea must be
used as models for the image.

The correction was simulated by generating two
pseudorandom QAM-modulated carriers, whose two-
sided spectrum is shown in Fig. 9 (a). It is centered at 150
MHz and has a bandwidth of 30 MHz. The signal has a
maximum amplitude of 2, its amplitude density function is
given in Fig. 9 (b).
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Coefficients cl, ..., ¢4 were initialized to zero, and
iteratively adapted every sample. Adaptation speed was
chosen slow enough to converge.
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of the complex mixer after image correction (channel A).
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Fig. 10 illustrates the process of adaptation, with Fig. 10
(a) showing the situation after the IQ down conversion.
The simulation was repeated with and without mismatch
errors so that the image error could be calculated: the
desired signals are drawn in black, and the overlying image
signals are in shown red. The ratio of the desired signal to
the image signal is known as the image rejection ratio
(IRR).

Existence of image frequencies make recognition of the
signal harder, therefore most modern receivers require an
IRR greater than 30 dB [33-36]. In this case, it is
calculated simply as power ratios.

Fig. 10 (b—c) show the signals A and B after the complex
mixer and error adaptation (Acorrected and Bcorrected).
This experiment was mostly just proof of concept, but the
original IRR of —25.5 dBc was improved to —35.6 dBc.
This is already sufficiently high to allow QAM-64
modulation in the signal.

The adaptation of the coefficients in normal iterative
LSM adaptation is illustrated for both channels in Fig. 11.

A higher adaptation rate was used until 10° samples, and
then the adaptation was slowed down by a factor of 10.
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Fig. 11. Adaptation speed of the digital image rejection technique for
channels Acorrected and Bceorrected.

B. Digital Cancellation of Harmonic Mixing Effects

Similar to image signals, how the interference is built
up in harmonic mixing must be known. When harmonic
mixing appears in the complex mixer, harmonics are
picked alternatingly from positive and negative
frequencies, as shown in Figs. 4-5.

Harmonic mixing only affects the channels D, E closest
to DC, but the interference can be much stronger than those
caused by images [37, 38]. As discussed above, to clean up
signal E, signals D, F, and G must be available, then
subtract them until correlation between the output and

interferers disappears. This is provided in Egs. (8), (9) [19].

Dcorrected =D- C] F— Co. B- C3. H (8)

Ecorrected = E —Cq. C — Cs. G — Cé. A (9)

Here the interferer is strong, but correction is
unidirectional (the lowest channels are corrected in the
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harmonic mixing cancellation). For the image cancellation,
correction was applied in both directions.

Fig. 12 shows the adaptation trajectory of the complex
coefficients (cl, c2, c3, and c4), which were used in the
adaptation algorithm in Egs. (6-9). Coefficients c¢5 and c6
have rather little effect on the adaptation, hence they are
not shown in Fig. 12.
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Fig. 12. Values of the adaptation coefficients cl, c2, ¢3 and c4 in
cancellation of harmonic mixing effects.

The digital techniques are scalable to a larger number of
channels (which is 8 in this article). However, the digital
correction methods are not the limiting factor. There are
other factors that limit the utilization of higher number of
channels, including: maximum obtainable LO frequency,
speed of the transistors, tolerable amount of harmonic
mixing without using bulky IF filters, etc.

IV. COMPARITIVE ANALYSIS

Making a side-by-side comparison of the given receiver
with prior works in literature is not a very straightforward
task because each article had targeted a rather specific
design approach with different circuit topologies,
operating frequencies, and transistor technologies.
Identical receiver designs which utilize complex mixers
succeeding IQ mixers couldn’t be found in literature.

In addition to that, the proposed receiver isn’t
completely ready. Certain parts have been designed, while
the other parts are still in progress. Nonetheless, Table 1
compares this work with other works in literature that are
deemed as similar as possible.

TABLE I. COMPARISON WITH PREVIOUS WORKS

Parameter This work 28] [31]
Mixers in HRM 48 64 3
Component carriers 6-8 2 Not
applicable
LO clock frequency <4 GHz 390 MHz 86.4 MHz
Technology 130 nm 65 nm 350 nm
SiGe CMOS CMOS
Correction domain Analog & Analog Analog
digital
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V. CONCLUSION

This paper addresses the spurious responses in
separating the component carriers from a very broadband
complex baseband signal. The proposed architecture
consists of traditional IQ down conversion, and then a
complex mixer for moving each of the individual
component carriers to DC. Image rejection in 1Q mixers
and complex mixers has been extensively researched, the
latter are slightly less sensitive to gain and phase
imbalances. However, harmonic mixing is a severe
problem, as the highest harmonic mixing gain in the
switching passive mixers is just -10 dB down the desired
gain. Shaping the LO signal and employing multiple on/off
mixers to imitate sinusoidal mixing are common solutions.
It was found that asymmetrical harmonic mixing occurs
from either the same or opposite side of the DC (depending
on the harmonic). If the original signal is distinguishable,
i.e.,, its SNR is not incredibly low due to image and
harmonics, then it can be cleaned up from images and
harmonic mixing in the digital domain. This is a novel area,
because the imbalances in the IQ mixer cannot be
corrected in a typical manner, since its outputs are not
directly accessible, instead they are seen through the
complex mixers. This work analyzed how the bands are
flipped. The corresponding error model was built, along
with a digital cancellation algorithm for cancelling both
image frequency and harmonic mixing effects. Its LSM-
based adaptation was checked. For image errors, it has
demonstrated 10 dB improvement.

The cancellation studies of the harmonic mixing effects are
currently under way.
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