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Technology trends in direct conversion receivers

Sang-Gug Lee and Viadimir Krizhanovskii

Abstract

Basic introduction to direct conversion
architecture was given in comparison with
heterodyne one. Principal difficulties in
implementation of direct conversion receiver
were presented, current state of research in
this field and possible solutions were sum-
marized and classified, on the basis of
extensive analysis of published materials.

I. Introduction

Aggressive design goals like low cost,
low power dissipation and small form fac-
tors are the attributes of the recent trends
in RF transceiver development. Together
with the usual requirements of communi-
cation standard, as well as steeply increa-
sing demand for multi-standard operation,
these goals call for circuit and architecture
breakthroughs.

Direct conversion was invented many
decades ago, but became a subject of active
research only around one decade ago, and
the efforts are increasing from year to
year. Now, activity on direct conversion is
present in most of the research institutions

RF Microelectronics Laboratory, Information and Conimunications University

in the field of RF IC and communication
s‘ystemde‘sign, and commercial products
based on, this architecture enter more and
mgre, application areas and frequency
bands. In order to reveal the reasons of this

“ glorious, return of direct conversion, we

cdmparé-_it with the most established archi-
tecture-heterodyne one, which was the
basis for around 98% of all receivers since
its introduction in 1918.

(Fig. 1> shows general block diagram of
akéi.’ngle*IF heterodyne receiver, designed
for operation in a standard with quadra-
ture modulation. After selection of a band
of épmmunication standard, RF signal is
aﬁpliéd to a low-noise amplifier and sub-
sequently to an image-rejection filter. The
fesult 'is mixed with the output of local
oscillator, producing an intermediate fre-
quency signal. Channel selection and main
amplification is performed at [F-frequency,
after that, signal is applied to quadrature
démoduklator input, in which extraction of
base~band data is performed. Despite image

{Fig. 1> Example of heterodyne receiver.
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{Fig. 20 Direct conversion receiver.

problem and trade-off between image
rejection and adjacent channel suppression,
heterodyne architecture can provide high
selectivity and sensitivity, which have
made it the architecture of choice through
all its history.

Now consider direct conversion receiver
block diagram, shown in {Fig. 2>. It imple-
ments natural approach to downconvert

a signal from RF to baseband using quadra-

ture signal from local oscillator, which
frequency is equal to that of the carrier of
received RF signal. The quadrature I and Q
channels are necessary because two half-
spectrum of typical phase- and frequency-
modulated signals contain different infor-
mation and irreversible data corruption
occurs if they overlap each other in down-
converted dc-centered spectrum without
being separated into two channels. Main
amplification and channel selection by
means of low-pass filters is performed in
baseband.

If we can satisfy communication stan-
dard requirements using this architecture,
it becomes extremely attractive and
preferable compare to heterodyne one.
First, the need for image-rejection and
IF-filters is eliminated, since in direct
conversion frequency scheme RF and LO
frequencies are equal and the signal is

image for itself, and channel-selection is
performed by low-pass filters. Note that
while usage of external image-rejection
filter can be avoided by means of image-
rejection mixer, IF filters, which are exter-
nal bulky and expensive SAW filters, con-
stitute principal and currently unavoidable
impediment on the way of increasing inte-
gration of RF transceiver system. The last
advantage of direct conversion becomes
critical in the light of multi-standard oper-
ation capability. In fact, in heterodyne
receiver operating in different standards
with different channel bandwidth, separate
SAW filter would be necessary for every
standard, therefore, the overall cost would
be seriously increased. Whereas, in direct
conversion receiver, active tunable low-
pass filter can be integrated on chip. This
consideration is directly applicable to the
case of 3" generation communication stan-
dard with variable channel bandwidth. In
addition to this, because of the absence of
external filters, LNA need not drive 50 Q
load, and matching of LNA output and
mixer input is not critical, providing more
freedom in design.

II. Design issues and existing solutions

The previous chapter argues that direct
conversion architecture is very attractive
for the creation of highly integrated, low-
power and low-cost radio. However,
before this time it had much less applica-
tion than conventional heterodyne one.
This is so because it entails a number of
specific issues, which do not exist or are
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not so serious in heterodyne receivers.
1. DC offset

1) Problem description

The problem of DC offset is usually
considered as the most serious one. Since in
direct conversion architecture the down-
converted band extends to zero frequency,
extraneous offset voltages can corrupt the
signal and, more importantly, saturate the
following stages. A numerical examples
can be given as illustration of feasibility of
described scenario™. DC offset has three
main origins:first, self-mixing of LO sig-
nal due to different kinds of leakage.
Because of insufficient port-to-port isola-
tion, substrate and wire coupling, LO sig-
nal can leak to RF port of a mixer, input of
LNA, or to antenna. In case of leakage
to antenna, irradiated and received after
reflection, LO signal propagates through
signal path to mixer and by mixing with
itself produces insidious time varying off-
set (Fig. 3. Any leakage to RF path and
reflection from ports of building blocks can
depend on operating condition of front-
end, for example, on gain settings, and
therefore, corresponding offsets can also
exhibit time variance. Second, self-mixing
of strong interferers, when they leak to the
LO input of mixer, resulting in obviously
non-static offsets <Fig. 4). And third,
device mismatches and non-ideal duty
circle of LO signal will produce some
amount of DC signal throughout signal
path, both RF and base-band. Existence of
this phenomenon is currently inevitable, so
any direct conversion receivers must
incorporate some means of offset removal.

W
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Interferers’ \
leakage -
LO
{Fig. 3) Self-mixing offset origins:interferers’
leakage.
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{Fig. 4> Self-mixing offset origins:LO leakage.

~ 2) Existing solutions

The simplest solution is high-pass fil-
tering. In the direct conversion pager
receiver, DC offset removal by capacitive
coupling of the baseband circuits is the
common way. Owing to the high impedance
levels of active filters, the coupling capaci-
tors are small enough to be integrated on-
chip. However, this simple solution only
works because of the specific spectral
features of FSK-modulation:the paging
spectrum peaks at =4.5kHz and dips at
DC by at least 25dB relative to its level at
the peaks. Simulation shows that a first-
order capacitive coupling, with a lower
cutoff at 1kHz causes no loss in receiver
sensitivity when the channel filter captures
the valuable signal spectrum between 1 and
10kHz?.

The spectra of most of the spectrally
efficient modulation schemes, like GMSK
and QPSK, exhibit peak at DC. Following
downconversion, offset will now will be
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added to the peak of the spectrum. It is
no longer practical to null the offset by
capacitive coupling, because signal energy
will surely be lost from the central peak.
For example, simulation on a representa-
tive 200 kHz-wide spectrum suggest that at
a target bit-error rate of 107, a 5Hz notch
at DC causes about 0.2dB loss in receiver
sensitivity, yet this notch need only widen
to 20Hz when the receiver will cease to
function®. It would require impractically
large capacitors to produce this narrow
notch, and the phase-distortion due to the
RC coupling would cause the receiver per-
formance to deteriorate further. Moreover,
during burst-mode communications, the
capacitor would produce intolerably long
transients.

In such receivers, offset can be estimated
and removed digitally, with the aid of
various adaptive and gain-phase compen-
sation®™™® One of the possible realiza-tions
is shown in <Fig. 5). Here baseband signal
is digitized and averaged in DSP, while
successive-approximation A/D converter
measures the analog signal polarity. These
measurements are weighted together in a
DAC, which subtracts an estimate of the
offset from the baseband signal. The
effective spectrum loss around dc is only
few hertz, and digital filtering does not

/— Offset Removal

uccessive
Approximation
Register

{Fig. 5) Digital/analog feedback for DC offset
removal.

distort group delay'®.

Digital-to-analog feedback method can
as well be realized in such a way:after
calculating DC component in digital domain,
feedback can be applied not to subtraction
block, but directly to the mixer, changing
its DC balance and thus implementing
adaptive DC-offset cancellation mixer®.

The offset cancellation can also be
realized within DSP, without feeding back
to analog signal path. For example, <{Fig.
5, shows how procedure, essentially iden-
tical to previously described, can be
implemented entirely in digital domain.

In order for the last technique to operate
properly, baseband section must convey
DC-offset along with desired signal to
ADC without being saturated, as well as
ADC must have dynamic range wide
enough to digitize offset and desired signal
for further procession. Therefore, in prac-
tical implementations of digital offset
removal, it is desirable to add additional
one-time offset cancellation on the output
of the mixer. Such cancellation block will
deal with static offset and therefore reduce
required dynamic range of baseband sec-
tion and ADCP.

DC-feedback and high-pass filtering are
feasible methods of DC offset removal in
receivers for communication standards
with spread-spectrum or DC-free modula-

Analog part

e el

{Fig. 6 Digital DC-offset removal.
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tion schemes. DC canceling feedback loop
can be realized with an amplifier followed
by low-pass filter (Fig. 7, [6]) or with an
active integrator <Fig. 8, [7]>. Low-pass
filter without additional amplification in
feedback loop has also been reported®.
Some wide-band standards even permit
integration of passive high-pass filters
with cut-off frequencies of few tenths of
kHz in the signal path. Large values of RC
constant, corresponding to low cut-off fre-
quencies, can be obtained using high-value
capacitors® or high on-mode resistance of
MOSFETSs biased in deep triode region®.

E : Servo
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{Fig. 7> DC offset canceling loop as an
amplifier and LPF.
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{Fig. 8> DC offset canceling loop as an integrator.

(1) DC-feedback and AC-coupling as
a means of DC-offset removal

Since DC-feedback and AC-coupling are
quite feasible and popular means of offset
removal in receivers for such fast-growing
field as spread-spectrum communications,
here we give brief design guideline on the
subject.

Where it is applicable, AC coupling as a
means of DC offset removal has advantage
of simplicity. The obvious restrictions are
large capacitor values and die size
required. Also, AC coupling only blocks
offset propagation, but does not provide
stabilizing action, in other words, the
prepagation of offset can be blocked after
certain stage, but that stage nevertheless
may be saturated by offset at its input.
Note, that baseband section of direct con-
version receiver usually contains quite
many blocks, which produce their own off-
set, not related with self-mixing in RF
part. In general, inserting capacitor in
baseband signal path cannot guaranty its
functionality, and designer must look for
strategically important place of offset
blocking. Moreover, using one HPF in the
baseband signal path may not be enough,
for example in™ and® baseband signal
paths are DC-blocked twice.

As opposed to AC-coupling, DC feed-
back loop reduces gain at DC, so the
baseband stage can withstand larger
amount of offset at its input. But feedback
cannot reduce the gain to zero, therefore,
cannot provide infinite offset rejection. In
order to get a feeling of DC-feedback op-
eration, we will investigate the model of
DC-offset cancellation loop, shown in <Fig.
9). In this feedback amplifier, let feedback
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{Fig. 9> Model of DC-offset cancellation loop.

. Jo . fo .
b l—j%’ [f1 ——-—\/-H—<_‘(;);7, p is real. (1)

factor f exhibit one-pole frequency depen-
dence:

Assume that there is a frequency range
where only the transfer function of feed-
back loop exhibits frequency dependent
behavior because of the low-pass filter
incorporated, while the main amplifier and
servo-amplifier transfer functions are flat
at those frequencies. Therefore, transfer
function of main amplifier is represented
by its low-frequency value A, which is
real. Also assume that all parameters are
calculated in such way that we can use
ideal feedback equation. Then, for closed-
loop transfer function we obtain

A _ A

e
ljp

A1)

A1~ )

(2)

172

e [

~(47r1)
Afetl 1—j
p(Afot1)
In other words, the feedback network
with one real-pole feedback factor leads to

one-zero and one-pole closed-loop response,

where the magnitude of the closed-loop
real zero is equal to the magnitude of feed-
back pole, and the magnitude of the new
real pole is .

pi=p (1+Af). 3

Consider two value of the main amplifier
gain A’>A, and two value of the servo-
amplifier gain fo2> fo1. Then the magnitude
of the resulting closed-loop transfer func-
tion can be plotted as shown in <Fig. 10).
The magnitudes of the new real poles,
which correspond to different combina-
tions of A and f, can be expressed as

pl:p(l-'_AfOl)’ p2=p(1+Aﬁ)2))

b= (AL, bi=p (4 A L) D

As can be seen from <{Fig, 10>, at high
values of loop-gain, Af,, DC rejection is
determined by fo, which can be increased by
increasing the gain of servo-amplifier.

Increasing the gain of servo amplifier
will increase the frequency of closed-loop
high-pass pole p:. To maintain reasonably
small cut-off frequency we must increase
capacitor values in the feedback loop (de-

loga
A . o
log A* b 2
leg A
0dB - .
/ log 1/f01
log 1}f02
>
P pl p2 o {log)

{Fig. 10> Magnitude of the closed-loop transfer
function of baseband amplifier with
DC-feedback loop.
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crease p), because of this DC-offset can-
cellation loop required external capacitors
in majority of cases.

The magnitude of high-pass pole depends
on loop-gain, rather than servo-amplifier
gain only, ;i=p* (1+A%). So, when servo-
loop encloses larger gain A (more stages),
p1 and required capacitance are higher and
increase quicker with servo-amplifier gain.
Besides, as any feedback, servo loop will
inject noise into signal path, the earlier in
signal path we apply feedback signal, the
more noise impact we get. But this effect
looks not very serious compare to other
high noise contributions in baseband sec-
tion.

Even if we use external components and
large values of capacitance are available,
increase of capacitance will reduce the
system capability to handle quick varying
(step-like) offsets and will increase other
undesirable transients.

(2) Sub-harmonic mixers

The part of DC-offset originating from
both LO and interferers self-mixing exists
because of the fact that signals with equal
frequencies present at the LO and RF ports
of a mixer will produce DC-component.
This is not the case in so called sub-
harmonic mixers, and such mixers open
new dimension in searching for solutions of
DC-offset problem.

Consider the effect of sub-harmonic
mixers on DC-offset problem. Suppose,
second harmonic of wio takes part in
downconversion process, in other words, if
signal wro is present at LO port, and signal
wrr is present at RF port of a mixer, the
output frequency is equal to |2wro— wrrl.

Then, as illustrated on <Fig. 11, LO leak-
age to the RF port of a mixer generates no
DC component but an output signal, which
is still situated at LO frequency.

One of the pbssib]e realizations of sub-
harmonic mixer at RF frequency is shown
in {Fig. 12). The LO stage is actually a
rectifying cell which converts the differen-
tial LO voltage to the time-varying current
which contains ' the second harmonic. In
principle, fundamentals and all odd har-
monics of the LO will be cancelled out at
the connected drain terminals. Offset per-
formance of this mixer is 44 dB better then
that of conventional one. Using double-
balanced mixer shown in {Fig. 12, authors
also demonstrated self-mixing free front-

RE Signal

RFStgmzl
flosf2 fuprf (?

(Fig. 11) Conventional a) and harmonic
b) mixing for wi=wrr/2.

{Fig. 12> Double-balanced harmonic mixer.
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end® and implement this front-end in 4-
FSK receiver®. Unfortunately, they were
not able to maintain good linearity while
generating harmonics right inside the
mixer, and applications of this mixer and
front-end are restricted to those with
relaxed linearity requirement, for example,
paging receivers. The same topology was
published in bipolar technology as weli!?®.

Sub-harmonic mixing (the term harmonic
is used as well), when the frequency of
downconverted product is | #wro— wrr |, was
widely utilized in microwave area, where
obtaining wro=wrr was either too difficult,
power consuming, or impossible. There,
mixing with LO frequency being sub-har-
monic of RF frequency was implemented
by designing a block with specific nonlinear
transfer characteristic. Conversely, in RF
field, ideal mixer corresponds to linear but
time-varying system (with respect to RF
signal). Therefore, in all of RF sub-harmo-
nic mixers reported up to now, desired
mixing is obtained by using larger number
of LO signals of frequency wio with
appropriately selected phases, which create
the switching action that would be created
in conventional mixer excited by LO signal
of frequency nw.o.

Here we continue with review of reported
sub-harmonic mixer topologies. Switching
action required for sub-harmonic mixing

with wre= szF

can be obtained using the

topology, known in analog field as three-
signal multiplier, which is in fact two
stacked Gilbert-cells, shown in {Fig. 13>,

The authors of this topology have defined
LO rejection as LOR=(Conversion Gain
from RF frequency) / (Conversion Gain from

RFIn+E : '1 RFin -

O

{Fig. 13> Sub-harmonic mixer based on
three-signal multiplier.

LO frequency), where the signals are pre-
sent at RF port. For conventional direct
conversion mixer LOR defined in such way
is equal to 0dB (note that this value does
not account for LO-to-RF leakage). Pro-
posed mixer achieves LOR of 30dB and 39
dB working with RF frequency of 1GHz
and 2 GHz correspondingly. While adopting
this switching stage topology, the increase
of noise contribution from switching stage
is usually small, but higher supply voltage
is needed and LO power required is roughly
double of that for usual mixer®®.

Another possible topology of a mixer

with wro= wzm is shown on <{Fig. 15)B!,

By proper synthesis of switching action,
it is also possible to design a single-balanced
mixer which accommodates 6 LO signals

Wro= % with appropriately selected phases

and operates effectively as conventional
mixer with single-phase LO signal with
wro=wrr {Fig. 14). In overall, 12 single-
ended LO signal are required for I/Q mixer
pair in direct conversion front-end®"%?,
Attempts were made to use advantages
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= bias
|~ RF input

{Fig. 14> Simplified schematic of sub-harmonic
mixer with.

{Fig. 15) Sub-harmonic mixer, single-balanced
version. :

of passive-mixer approach in direct con-
version receivers. The only passive mixer
that has being seriously considered in di-
rect conversion research is even-harmonic
type mixer using anti-paraliel diode pair
(APDP)"¥2 1t provides usual benefits of
passive approach and exhibits a number of
advantages over conventional diode double-
balanced mixers. The particular interest of
direct conversion architecture is the low
level of second-order intermodulation pro-
ducts (will be discussed in details later). In
APDP-mixers operating as direct con-
version mixers, LO is running at half-RF
frequency.

General scheme of basic even-harmonic
mixer using anti-parallel diode pair is
shown in <{Fig. 16). The ring-type APDPs
are used more frequently in order to
increase isolation between LO and RF
portgha,

A number of APDP mixers were evalua-
ted as:a part of receivers for PHS, GSM,
W-CDMA and satellite CDMA standards'™.
The main conclusion of the authors is the
possibility -of fulfilling standard require-
ments by using passive approach. Just like
any passive mixers, APDP mixers require
higher LO power, external components,
and exhibit conversion loss. Reported values
of 1IP2 are high, but similar performance
can be achieved in active approach nowa-
days?. ,

. An interesting method for removing DC-
offset in,énti~parallel diode pair was pro-

posed recently®™. The authors derived

@ — 20,
B~—1 Diplexer R
@Dpr toad

@Dy

{Fig. 16) General scheme of basic even-harmonic
mixer using anti-parallel diode pair.

{Fig. 17> Block diagram of DC-offset cancella-
tion experiment for anti-parallel diode
 pair mixer.
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equation of mixer action of mismatched
APDP, and found out that DC offset can be
eliminated by generating another DC com-
ponent by down-conversion of additional
tone at 2°* harmonic of LO. The analytical
approach shows that varying the phase and
magnitude of 2" harmonic varies the sign
and magnitude of this canceling DC com-
ponent. Experiment <Fig. 17) has verified
offset cancellation below the noise floor.
Remarkably, this method deals with both
self-mixing and mismatch offsets. Since
precision tuning of the phase and ampli-
tude can be easily performed by on-chip
active components, authors pointed out the
possibility of monolithic realization of this
technique using LO frequency doubler,
phase shifter and variable attenuator. Also,
when implemented in a closed loop system
similar to PLL, the DC-offset output of the
mixer can be used as feedback to vary the
2" harmonic tone until a zero offset and
locked condition occur. The authors stated
that they were able to cancel DC-offset
below the noise floor while maintaining a
2™ order IIP2 of +16dBm and an average
conversion loss of 10dB for input RF fre-
quencies of 4 to 6 GHz. Even though they do
not speak about ITP2 degradation, the val-
ue of ITP2 of +16dBm is much smaller then
typical reported values for APDP mixers,
which can exceed 50dBm.

2. 1/Q mismatches

1) Problem description
Every direct conversion receiver must
incorporate quadrature downconversion.
This requires either shifting of LO signal
by 90° or using LO with quadrature output

(shifting the phase of RF signal has many
disadvantages and is not used in majority
of direct conversion receivers). In either
case, the errors in the nominally 90° phase
shift and mismatches between the ampli-
tudes of I and Q LO signals corrupt the
downconverted signal constellations, thereby
raising the bit error rate. Since in direct
conversion receiver the I and Q phases are
separated at frequencies one or two orders
of magnitude higher then in heterodyne
one, the signal paths tend to introduce
more phase and amplitude errors due to
device mismatches. The term I/Q mismatch
denotes gain and phase mismatches in both
LO and information signals before and
after downconversion.

2) Existing solutions

Our search has shown that almost all
authors rely on good design of phase
shifting networks and careful symmetrical
layout as their solution of I/Q mismatch
problem. Note, that even with higher pro-
bability of phase difference between I and
Q channel of LO signal, direct conversion
architecture is much less sensitive to these
mismatches than image-rejection mixer
architecture!.

Since 1/Q mismatches vary negligibly
with time, analog or digital calibration can
be employed to reduce their effect'™. In
recent article, a method was demonstrated,
in which amplitude equalization of the sig-
nal channels was done at RF frequencies
immediately after the received signal is fed
into I and Q mixers. The imbalance in I/Q
amplitudes is corrected by adjusting the
drain current through the mixer transcon-
ductance element using a 4-bit digitally
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{Fig. 18> Mixer with gain-balancing bias arrangement and IIP2-trimming load.

controlled bias arrangement, shown in
{Fig. 18). The gain equalization performed
in this way has moderate effect on the
channel phase balance and small effect on

channel noise figure®®.

3. Even-order distortion

1) Problem description

Due to the frequency translation scheme,
typical RF receivers are susceptible to only
odd-order intermodulation effects. In direct
conversion, on the other hand, even-order
distortion is usually treated as one of the
most serious problem, as much as trouble-
some as DC offset. Even-order nonlinearity
(with second order nonlinearity being the
most significant) has three main manifes-
tations. First, the squaring action of second-
order nonlinearity will generate a low-fre-
quency (difference-frequency) component,
which falls inside the band of channel-select
LPF under the presence of two close
interferers in the band of interest {Fig. 18.

Second, in addition to phase or frequency
modulation, received signal can exhibit

inwrierers 15
]

rudRE |

coswy ot

(Fig. 19> 2™ order distortion:generation and
feedthrough of IM2.

N A

4]

v

cosot

{Fig. 20> 2™ order distortion:downconversion of
signal harmonics.

some spurious amplitude modulation as
well. This could arise from filtering in t
-ansmitter or because of disturbance and
fading during propagation. If useful input
signal exhibit quadrature modulation with
carrier frequency wc, then the same signal
with spurious amplitude modulation can be
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represented as xx (t) = (A+&cos wnt) (acos
wct+bsin wct), where £cos wnt represents
a low-frequency amplitude-modulating sig-
nal. In this situation, second-order dis-
tortion will yield a spurious base-band
term (a*+b?) Aecos wnt.

Because of device mismatches and devia-
tion of LO duty cycle from 50 9, a fraction
of the low frequency components (on the
order of 1%!") generated by two described
mechanism in LNA or in the transconduc-
tance stage of the mixer will appear at the
output of switching stage without frequency
translation, thereby corrupting the down-
converted signal of interest.

And third, suppose, due to second-order
nonlinearity the second harmonic of the
desired signal is present at the RF port of
the mixer. In this situation, if second
harmonic of LO frequency is present at the
LO port, it will downconvert the second
harmonic of the RF signal to the baseband,
further degrading signal-to-noise ratio
{Fig. 20).

As interferer environment becomes more
aggressive, all these distortions will degrade

.0kl

the sensitivity of a direct conversion recei-
ver more rapidly than that of the heterodyne
one.

3) Existing solutions

The basic solution of this problem is to
reduce the 2™ order intermodulation pro-
ducts by using differential LNA and double
balanced mixers. AC-coupling interface
between LNA and mixer, in other words,
filtering the low-frequency intermodula-
tion products of LNA can be applied as
well,

Few more techniques were developed to
remedy IM2 problem in direct conversion
receivers, and even though these techniques
are far from implementation for mass pro-
ducts, very promising result were demons-
trated under laboratory evaluation, which
create basis and ideas for further research.
First, a downconversion mixer was pre-
sented, which exhibits excellent rejection
to second-order intermodulation by utilizing
so called principle of dynamic matching,
illustrated in {Fig. 21>%I,

In {Fig. 21, the idea is to introduce pre-

T f‘ .x ﬂ‘ 'fffm "’*rw
fod, Ty T, 14, et e o Tty
Input RF
Interferers Switches Mixar
Signal
RF *—
‘N Input - A
il T
U T N S
4o ol oty Lo

{Fig. 21> Principle of dynamic matching.
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{Fig. 22> BiCMOS realization of dynamically matched mixer.

and post-mixing, which allow to get desired
signal transferred to baseband and IM2
from core mixer transferred out of pass-
band of following filters by means of post-
mixing by using periodic signals ¢ and g..
Using the pseudorandom signal @i and @
is also possible, in this case IM2 from core
mixer will be spread over a range of fre-
quencies. Additional benefit is the reduc-
tion (up-conversion) of flicker noise. To
attain maximum IIP2 performance, syn-
chronization between input and output
switches is required. Limited synchroniza-
tion and on-chip matching constitute the
limitations of IM2 rejection performance.
BiCMOS and all-CMOS mixers were pre-
sented. The schematic of BICMOS mixer is
given in (Fig. 22).

For 75MHz frequency of periodic dyna-
mic matching signal authors declare a 12
dB improvement in IIP2 over a best IIP2
ever reported for standard BiCMOS Gilbert-
cell mixer, and 11dB improvements over
best 1IP2 for standard all-CMOS Gilbert-
cell mixer. For all-CMOS mixer 30dB
improvement in noise floor at 1kHz over

4 .
" algnal “eer
ankage

standard mixer was observed. In measured
performance authors also declare 20dB DC
offset improvement, which is reasonable,
sitice the core mixer is not a direct con-
vérsion mixer any more.

Another technique deals only with IM2
originating from with AM
moduiation, which were mentioned in
current chapter as “second manifestation”
of even-order nonlinearity. This kind of
IM2 ‘occurs less often but can be more
damaging, since because of signal leakage
from RF to LO port of a mixer and con-
sequent self-mixing, such interferer will

interferers’

........

]
H
H

° ats

{Fig. 23> Input and output spectra of direct con-
version mixer in the presence of signal

leakage from RF to LO port.
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(Fig. 24> Scheme of IM2 cancellation.

create a distortion baseband components
whose amplitude is proportional to inter-
ferer’'s power envelope. In the presence of
circuit imbalance combined with mixer
nonlinearity the same effect will occur, like
shown in (Fig. 23).

Proposed technique relies on postdistor-
tion approach. {Fig. 24> illustrates the
main idea. The output spectrum of the
mixer still contains the frequency tran-
slated interfering signals. These include
jammer at fo=f;—fio that cause IM2. The
envelope and modulation of these large
signals is preserved in the downconversion
process. Since IM2 distortion signal is
related to the envelop properties, a correc-
tion signal w can be generated by passing
the pre-filtered signal v through a non-
linear circuit that mimics the dominant
distortion characteristic. To generate IM2
distortion, a squaring circuit is used. The
output of the squaring circuit is filtered to
remove out-of-band components and then
fed forward with the appropriate gain
scaling (g2 coefficient) to cancel the
unwanted IM2 in the desired signal. The
adjustment of coefficient g, and summation
of main and canceling signals must be done
in digital domain. Correlation technique is
used for g2 adjustment. Applying modified

correlation algorithm, described technique
shows promising results of both DC and IM
2 cancellation with single-tone test signals
as well as in TDMA GSM-like environ-
ment. For the details of used algorithm and
measurement result readers are referred to
original article®,

The following technique looks much
simpler compare to the previous two, but
nevertheless, as authors claim, it could im-
prove IIP2 of a direct conversion receiver
by 20dB or more®, It is based on the work

85 which is the first compre-

reported in
hensive investigation of the effect of
mismatches in single- and double-balanced
active mixers on IM2 performance. The
presented technique is based on theoretical
result of®®! in which it was found that the
effects of different mismatches are not
absolutely additive, but interact in a different
way, which can be predicted. Therefore,
ITP2 of an imbalanced mixer can be
improved by changing the balance of some
circuit part. Doing this, we do not necessary
try to improve the balance in overall, but
try to find imbalanced condition, in which
IIP2 is nevertheless maximized. Authors
have demonstrated, that it always can be
done, provided that tuning range and resolu-
tion of a controllable “mismatch” devices
are selected properly. It can be, like in®®,
load resistors.

The realized IMDZ2 cancellers consist of
binary-weighted multiples of equal-sized
unit resistors {Fig. 18). These additional
loads are connected to the output through
the switching array with 5 bit digital con-
trol. The switched resistors are placed in
parallel to both mixer loads. I and Q
channels must have independent IMD2
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{Fig. 25 Improved receiver IIP2 of six samples
versus tuning range.

cancellers, since different downconversion
channels exhibit different IIP2 characteris-
tics and should be calibrated separately.
{Fig. 25) illustrates the measured IIP2 of
six receiver samples as a function of the
controlled imbalance in the mixer load
resistors. The tuning range is =10% from
the nominal mixer load resistance values.
While applying this technique, the tuning
range and resolution must be determined
from known process tolerances with the
aid of simulations. The same method can
be used in double-balanced mixers as well.

4. Flicker-noise

1) Problem description

Since in direct conversion receiver the
signal after LNA and mixer usually falls in
the range of tens of microvolts, most of the
receiver amplification must be performed
in baseband. Under this condition, the noise
characteristic of baseband circuitry becomes
very important. In particular, since the
downconverted spectrum is located around
zero frequency, the 1/f noise has profound

effect, a serious problem in MOS imple-
mentations.

2) Existing solutions

In addition to conventional noise reduc-
tion techniques, MOS baseband sections
must be implemented with large transistors
to minimize the magnitude of flicker noise.
Bipolar transistors must be used whenever
possible because of their absolutely superior
flicker—noise characteristic with respect to
MOS devices.
Flicker noise imposes additional require-
ment on front-end gain, which should be
high enough to suppress baseband noise
contribution, a challenging demand if take
into-aecount high linearity requirement of
direct conversion front-end.

5. Oscillator leakage and pulling

1) Problem description

In addition to introduction of DC offset,
in direct conversion receiver leakage of the
LO signal to the antenna and subsequent
irradiation creates interference in the band
of .other receivers. Each wireless standard
imposes upper bounds on the amount of in
-band LO radiation, typically between —50
and —80dBm.

Leakage problem in direct conversion
receivers has another important aspect,
namely, leakage from the RF port to the
receiver’s voltage controlled oscillator
(VCO). Any external signal with w=wvw
coupling into the oscillator can perturb the
phase of the VCO, which can cause serious
problems in a phase-modulated system.
Additionially, large-signal interferers in the
receive may cause strong enough leakage
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to pull the VCO frequency off, further
degrading the receiver performance.

3) Existing solutions

Careful layout and orthogonal tracing of
RF and LO paths must be used as initial
means of reducing LO leakage. Differential
local oscillators and building blocks with
high reverse isolation, for example cascode
LNA, can also reduce coupling to antenna.

Another idea to desensitize VCO to leak-
age from antenna and prevent it from
radiating to the receive band is to operate
VCO on some other frequency and then
perform appropriate frequency transforma-
tion in order to obtain required LO fre-
quency (non-sub-harmonic mixing is as-
sumed) . It makes sense because in this way
much less area of effective antenna
radiating at is obtained, and problem of LO
to RF port leakage is alleviated. Concern-
ing RF to LO leakage, VCO is much less
sensitive to incoming signal at w+ wweo
(note that sub-harmonic mixing alleviates
these issues as well, and at the same time is
superior with respect to frequency tran-
sformation approach when DC-offset can-
cellation is concerned).

There are several realizations of this
idea. First, we can operate the VCO in the
synthesizer at a multiple or fraction of the
needed LO frequency, and then perform
either a division or multiplication to pro-
duce the actual LO. This is practical in
some systems, but can be a problem if the
desired LO is relatively high and a suitable
double-frequency VCO with suitable phase
noise is too costly or consumes too much
power. It can also be a problem if the
process of doubling the VCO frequency

consumes too much power.

Another approach is to create the tun-
able LO by means of mixing a tunable VCO
with a fixed offset oscillator. Here trad-
eoffs in power may be more favorable than
in the method of using half- or double-
frequency oscillator. While this method has
the advantage that neither VCO is operated
near the RF signal frequency, it requires a
second oscillator and closely resembles the
heterodyne in terms of component count
and complexity.

Another interesting method uses regenera-
tive division to produce the desired LO
from an oscillator operating at a different
frequency without a second VCO¥!®!, This
method, originally published in 1939, uses a
part of signal from a mixer’s output as the
LO input to the same mixer. In the original
version, energy at half the input frequency
is coupled-back to the LO input of a mixer,
producing outputs at 1/2 Fuin and 3/2 Fu,
and the desired signal can easily be
selected {Fig. 26,. Here VCO signal cannot
give rise to signal in receive band even
after experiencing harmonic distortion.

In a variant of this approach a divide-by-
four circuit is used, creating signals at 2/3
and 4/3 the input frequency <Fig. 27). This
LO generation scheme was successfully
implemented in a multi-band GSM direct-

32Fp+
Finf2

Fin L R

== Finf2

{Fig. 267 Basic regenerative divider.
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2/3 Fin + 413 Fpy
Fin % » 43F,
13Fe | Sy

{Fig. 270 Regenerative divider for LO at 4/3 VCO
frequency.

conversion radio. A carefully chosen tunable
VCO frequency (in this case, approxima-
tely 1350—1450 MHz) produces outputs in
the 900 and 1800/1900MHz GSM bands
that can be used for the direct-conversion
local oscillator. Further refinement of this
approach delivers the I and Q versions of
the LO signal for GSM and DCS/PCS
bands.

II. Conclusions

Basic introduction to direct conversion
architecture was given in comparison with
heterodyne one. Principal difficulties in
implementation of direct conversion recei-
ver were presented, current state of research
in this field and possible solutions were
summarized and classified. Increased num-
ber of commercial products appearing in
the market and recent research advances
let us hope that direct conversion architec-
ture will be the basis for wide variety of
communication systems in the future. We
can assume that in RF part of a receiver,
one of the most promising approaches to
solution of many specific problems of
direct conversion architecture will be sub-
harmonic mixers. Also, a variety of adap-

tive compensation and calibration tech-
niques utilizing possibilities of Digital Sig-
nal Processing will appear, in addition to
existed ones, becoming inseparable part of
direct conversion receiver.
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