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Abstract—Six/Five-port architecture has advantages compared
to conventional receiver architectures, especially for high
frequencies and high data rate applications. However, it requires
two/one additional baseband outputs and a calibration process
to recover the original signal. While this problem is resolved in
conventional six-port configurations, a solution is needed for
five-port architectures. We propose an 1/Q regeneration method
based on the use of a simple analog circuit, eliminating one
baseband output. The structure of this circuit derives from a
mathematical formulation, which is presented in this paper. The
validity of the method has been experimentally proved in a five-
port receiver prototype. In addition, its capacity to reduce the
DC-offset and second-order intermodulation distortion (IMD2)
has been demonstrated.

Index Terms—Five-port, five-port calibration, receivers,
reconfigurable architectures, six-port, zero-IF.
I. INTRODUCTION
been the classical

Superheterodyne architecture  has
radiofrequency (RF) architecture in radiocommunications,
due to its selectivity and sensitivity-characteristics. However,
superheterodyne transceivers are complex, and expensive, and
they require a large number of ‘external components. On the
contrary, zero-IF and low-IF architectures have important
competitive advantages, 'such as simplicity, compact size,
flexibility, reconfigurability and high level of integration [1]-
[3]. Comparing with the superheterodyne architecture, a
frequency conversion stage is eliminated, including the image-
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reject filter. In addition, principal operations are carried out in
baseband, where low-costintegrated ‘devices can be used.
Nevertheless, these architectures have some limitations. In the
case of zero-IF receivers, these limitations include DC-offset,
1/f noise, and second-order intermodulation distortion (IMD2).
Regarding the /low-IF ) configuration, the image frequency
continues being the main problem. Moreover, the trend towards
high data rate services will require very large bandwidths,
which<become possible at high frequencies. However, 1-Q
mod/demodulators need a nearly perfect 90° phase shift
between their 1-Q paths, which cannot be guaranteed
over a very broad bandwidth. Therefore, the use of zero-IF
and low-IF architectures is limited by these devices.

An alternative to the classical zero-IF and low-IF
architectures is the six(five)-port architecture [4]-[5], either
with the use of a six-port circuit [6], a five-port circuit [7] or a
three-phase circuit [8]. The block diagrams of a five-port
receiver using, respectively, a five-port circuit and a three-
phase circuit are shown in Fig. 1 (a) and Fig. 1 (b). For a six-
port receiver, the structure is like that shown in Fig. 1 (a), but
with one additional output port. The main characteristic of the
six(five)-port architecture is its extremely large bandwidth,
which involves multi-band and multi-mode capabilities [6],[9].
Six(five)-port networks can operate at very high frequencies,
being a serious alternative for millimeter-wave frequencies and
high data rate applications [10]-[13]. Nevertheless, as it
happens with the conventional zero-IF architecture, DC-offset,
1/f noise and IMD?2 are its drawbacks. In addition, a calibration
process is required to recover the original 1-Q signals, and
more baseband outputs are needed (hence more low-pass
filters, video amplifiers, analog to digital converters, etc.).

The reduction to four-port receivers has been reported in the
literature [14]-[15]. However, four-port receivers are limited
to applications with low input signal levels. Otherwise, a
complex calibration procedure is required to recover I-Q
signals without distortion, since the relation between 1-Q and
output signals is nonlinear [14]. The typical six-port topology
admits analog I/Q regeneration by means of a simple circuit,
eliminating two baseband branches and the calibration process
[10]-[12]. This is possible due to the particular characteristics
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of this six-port topology: the local oscillator (LO) and RF
signals are combined with equal amplitudes, and relative

LO —

LINEAR
PASSIVE
FIVE-PORT

RF BPF LNA

(b)
Fig. 1. Five-port receiver (a) Based on a five-port circuit, (b) Based on a three-
phase circuit.

phase shifts of 0, n/2, -n/2, and = rad. However, the habitual
procedure in five-port receivers is to digitalize the three output
signals and apply a calibration algorithm [7]-[8]. Some first
approaches of analog 1-Q regeneration in five-port receivers
used the above mentioned six-port topology with one port
reduction [17]. From these particular five-port parameters, @
formulation is derived and an analog circuit is proposed to
recover the original I/Q components. However, the particular
conditions from which the analog circuit is derived. in [17]
cannot be extended to a general five-port network.For
example, the design criterion of an optimal five-port network
imposes relative phase shifts of 0°, 120% and -120°." In this
paper, we propose a new, general, and simple method to
recover the original 1/Q signals in_five-port architectures,
without using any calibration process. It is based on the use of
an analog I/Q regeneration circuit [16], whose structure is
derived from a mathematical formulation, which is valid for
any kind of five-port topology |fulfilling simple necessary
conditions. In fact, _it. will. be <demonstrated that the work
presented in [17] responds, to a particular case of the proposed
method. The analog 1/Q/regeneration circuit can be easily
integrated without adding complexity to the original circuit. The
proposed ‘method _solves the above-mentioned six(five)-port
architecture .drawbacks, as it eliminates one baseband output
and the ‘calibration algorithm without any reduction in the
operating frequency band. Moreover, the method allows not
only to recover the original I1-Q signals, but also to reduce the
DC-offset and IMD2. Consequently, the dynamic range can be
extended due to the lower output voltages, as a consequence of
the DC-offset and IMD2 reduction.

Il. FUNDAMENTALS OF THE FIVE-PORT TECHNIQUE
The principle of operation of the five-port receiver is based

on the measurement of three independent powers, when the LO
and RF signals are introduced into the remaining two ports. The
original 1/Q components can be regenerated from these three
power observations and some calibration constants, depending
on system response [4]-[5]. The typical five-port receiver
configuration is presented in Fig. 1 (a). It is composed of a
linear passive five-port circuit, where the RF and LO signals
are combined using different relative phases. A square law
device and a low-pass filter are located at each.output. A
variation to the typical five-port configuration is the three-
phase circuit [8], shown in Fig. 1 (b). The difference is that'the
three-phase receiver uses mixers instead of.power detectors.
Nevertheless, both architectures are /based  on .the same
operation principle, which is described in detail in [7],[18].
The output signal at port i, vi(t), after the diode detection and
ideal low-pass filtering, can be expressed as

vi(t)= KZ' AN +—A KZ' BZ[I 2(t)]+

+ KziVLoAiBiCOS((Pi —yi )l i=(345} (1)
+ KZiVLOAiBiSin((Pi )

where | and Q are the in-phase and quadrature-phase
modulatingrsignals, and Vo is the LO amplitude. A and ¢; are,
respectively, the attenuation and phase shift of the five-port
circuit from the LO port at the frequency f=fre (frequency of the
modulated signal)=fi.o (LO frequency), while B; and i
correspond to the RF port. Ky; is the second order coefficient of
the' diode transfer characteristic at port i. The output signals
vj(t) are composed of the self-mixing of the LO, which is a DC
component, the self-mixing of the modulated useful signal, and
the wanted signal components. The self-mixing of the
modulated signal comprises a dc component, dc;, and a time
variant component, n(t), that is:

% B2 [I 2(t)+Q? (t)]: dc, + Rin(t) 2)
with R, = % B?.

Then, (1) can be rewritten as follows:
Vi (t)=Vye, + Rin(t)+ S;coso; I (t)+ S;sing;Q(t) 3)
where:

dCI: ZIAV +dCi’ (4)
S, =K,V ,AB, , and (5)
O = @i —yi - (6)

For the three output signals,
equations can be written:

the following system of
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v3(t)] [R; Sscosh;  Sgsindg | [n(t)] |Vees
Va(t)|[=| Ry S,coshy  Sysingy [+ 1(t) [+ Vgcs |- @)
vs(t)| |Rs Sscosds Sssinds | | Qlt) Vies

The term Vqc; represents the DC-offset of the output voltages,
which can be removed by subtracting the average:
Vi(t) =V;(t) —Vy; - In that case, the previous system can be

solved by means of a matrix inversion, leading to the well
known five-port demodulation equations

1(t)=r,V(t)+s, 9, (t)+1,Vs(t) (8)
Q(t)= rg¥s(t)+ 5oV (t)+toVs(t) 9)

where 1, S, t, ro, So, and to are the so-called calibration
constants. Therefore, a system calibration is required to
calculate these calibration constants, and to recover the I/Q
components of the original signal.

I1l. DESCRIPTION OF THE I/Q REGENERATION METHOD

The present 1/Q regeneration method is based on the
assumption that there is a symmetry axis in port 4 [16]. That
means that the amplitudes of the output signals in ports 3 and 5
have to be equal, and their phase shifts with respect to the
signal in port 4 have to be complementary. Therefore, the next
two symmetry conditions have to be fulfilled:

() Amplitude symmetry condition:

A3=A5’BS=BS’K23=K25 (10)
(1) Phase symmetry condition:
$=Co+y.,4,=Cy 4 =Cy—7y (11)

To simplify the expressions, we will choose. Co = 0, which
will only cause a rotation of the constellation. This rotation can
be easily compensated by<an equalization process. Under
amplitude and phase symmetry conditions, (7) reduces to

Vo(t)] [Ry Sscosy Sgsiny |[n(t)] |Vies
V4(t) =R, S, 0 ’ I(t) + Vdc,4 (12)
Vs(t)] | Ry S,cosp —Sgsiny||Q(t)| |V,
Consequently, the calibration constants result in:
r'l = _LL (13)
2S, a— fcos(y)
S'I = _i; (14)
S, a— ficos(y)
t'=r", (15)
\ 1 1 (16)

$'0=0 17)
t'Q = —r'Q (18)
R1
R2

Vi) S -

va(t) 2 — Qout

va(t) 3
Fig. 2. Structure of the analog 1/Q regeneration.circuit
with: ﬂzﬁ ,and azs—“.

R 3
Substituting (13)~(18)%into (8)-(9), we obtain
2
(0= s (U v 0= Vs (Ul Ve (19)
Q(t) = polvs (t)_ Vs (t)] ~#Vacq (20)
being:
1 s
= 21
H72s, o peos(y) (1)
1 1 psin(y)
=— = : 22
#2755, 5in(y) o pos(y) (22)
2

Vdcl = _Vdc‘3 + Evch _Vdc,S (23)
Vch :Vdc,S _Vdc,S =0. (24)

Note that the amplitude symmetry condition (10) involves
that the DC component in the Q-path, Vaco, is null, since Vycs is
equal to Vycs. The two expressions given by (19) and (20) can
be easily performed by a low-cost operational-amplifier-based
circuit, as that shown in Fig. 2. The output voltages vs(t), vs(t),
and wv4(t), are injected into the input ports 1, 2 and 3,
respectively. The first operational amplifier performs the
subtraction of vs(t) and vs(t). The other two amplifiers perform
the sum of vs(t) and vs(t), and the subtraction of twice the
voltage va(t) divided by S. This provides the lout(t) and Qout(t)
signals, which are equal to the original 1/Q signals, excepting
for the factors 1/ and 1/po:

1 (t)= —v3<t>+§v4<t>—v5<t>=@—vdc. . (25)
Quilt) = vt)-vy(t)= 2 (26)
Hq
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The expression of the lou/Qout Signals regenerated from the
proposed technique can be obtained by substituting the values
of the three output signals given by (3) into (25)-(26):

e oo

where

(27)

a, = (-S,cosd, +%S4003¢54 —S5,C08¢; , S,Cosd, —S.cos¢)  (28)
dy = (— S;sing, +%S45in¢4 —Sgsing, , Sjsing, — Sssin¢5j (29)

R, :—R3+%R4—R5 (30)

Ry =R;—R; =0. (31)

The amplitude symmetry condition (10) involves that the
terms Vqco, and Rq are null. Therefore, the DC component and
the rectified wave, Ro-n(t), will not appear in the regenerated
Qout(t) signal. If we consider, in addition to symmetry of ports 3
and 5, that the three outputs are amplitude balanced, that is, a=1
and =1, the expressions (19) and (20) are reduced to

()= a1 [-va )+ 2v, () - vs 1) (32)
Qt)= pqlvs (t)-vs (] (33)
where

Uo = tan[%} 7 (35)

In this case, Vqc, and R are null;"hence Vgeirand Ri-n(t) will
be also eliminated in the regenerated 1oy (t) signalIn any case,
the DC components could be. eliminated from the recovered
lout/Qout Signals with analog highspass filters, or in the digital
domain by simply removing the average. On the contrary, the
rectified wave, n(t);s"cannot be eliminated from lout/Qout, as it is
a baseband term superposed on the desired signal. The rectified
wave increases quadratically with the signal power and,
therefore, produces degradation for high power levels.

A. Orthogonality of the Regenerated 1/Q Signals
d, and| 8y form a vector base relating the 1/Q signals and

the lout/Qout Signals. Therefore, the orthogonality of the lout/Qout
signals is determined by the vector base orthogonality. This
means that the scalar product of &, and ag must be zero:

a -8, :[— S,c0s¢, + E840054154 - 85cos¢5j -(S,c08¢; — S,cO84; )
p (36)

+(— S,sing, +%845in¢4 —Sssin¢5j-(833in¢3 —S,sing,)=0

Assuming amplitude symmetry in ports 3 and 5 (10), the
scalar product results in:

6r v T 30
N =200 \ =500 I, -
\1_30 (Ve 1=
__ 4 \\\ B : 20
m ~ \ 1 >
=} ~ AY ~
- S N 1 .
5 2 ‘\\ ‘\ “ 1 7 10 <
o ~e N 5
= RN\ . %
o 0
o 77NN~ o
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2 DA N ~~< =
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=15 1800 1L TN =
’ 4 1 \ AN
-6 L 3 - -~ -30
75 80 85 90 95 100 105

1-Q phase difference (9
Fig. 3. Orthogonality degradation due todack of symmetry.

a 'gQ = %3384005(% _¢4)_%S3SACOS(¢4 _¢5)' (37)
which is equal to zero if:
==l ] (38)

This above expression corresponds precisely to the phase
symmetry condition (11). Consequently, the orthogonality of the
received lou/Qout Signals is ensured under the amplitude and
phase/symmetry conditions expressed in (10)-(11). This means
that a symmetrical 3-way RF circuit with respect to port 4 is
needed, that is, with symmetry between ports 3 and 5. And most
of the five-port circuits in the literature satisfy this condition.

The orthogonality of the regenerated 1Q signals does not
depend on the value of y, provided that the amplitude and phase
symmetry conditions are fulfilled. Nonetheless, when the five-
port circuit response deviates from the symmetrical behavior,
the selection of y can be important. To illustrate this situation,
we have simulated the orthogonality degradation due to lack of
symmetry. The degradation coming from lack of phase
symmetry has been evaluated by introducing a phase error into
port 5, that is: @3=y, ®4=Co=0, Ps=-y-A®, where Ao
represents the phase deviation from symmetry. To evaluate the
degradation due to lack of amplitude, vs(t) has been divided by
a factor a, which represents the amplitude error. The results are
plotted in Fig. 3. The conclusion is that the orthogonality is
more vulnerable to phase errors as y separates from 90°. For
example, a £10° phase error leads to a maximum IQ phase
imbalance of 5° for y=50° and y=130°; 2.3° for y=70° and
y=110°; and 0.5° for y=90°. Moreover, a +10° IQ phase
imbalance can be obtained with amplitude errors of +3 dB.

B. Amplitude of the Regenerated 1/Q Signals

The regenerated loui(t) and Qout(t) signals differ from the
original 1(t) and Q(t) signals by the factors 1/ and 1/uq (25)-
(26), respectively. Moreover, w and pg depend on y as for
(34)-(35). This means that, although the selection of y does not
have influence in the fulfillment of condition (11) and,
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therefore, in the lou/Qout Orthogonality, the amplitude of the

regenerated loue(t) and Qou(t) signals will be different
2.2 T

1.8 | //
tan(y/2) ]
L4 =
g =
1
/—)—/ — T —
0.6 _——==
= 2]./;1I
0.2

50 60 70 80 90 100 110 120 130

79
Fig. 4. Variation of 1/, 1/q, and tan(y/2) with y

depending ony.

Let us consider, for simplicity, a fully symmetrical five-port
circuit, that is, =1 and f=1. As it can be derived from (35),
the relation between the amplitudes of lou(t) and Qout(t)
responds to po/p=tan(y/2). Therefore, the 1-Q amplitude
imbalance will be determined by tan(y/2). Fig. 4 represents the
values of 1/, 1/po, and tan(y/2) as a function of y, considering
the typical value of S3=0.5. As it can be seen, the original 1/Q
signals can be directly recovered from lou(t) and Qout(t) if
v=90°, and no amplitude imbalance is observed in this case.
The amplitude imbalance increases as y separates from 90°, so
either analog or digital amplitude imbalance correction is
required. Around y=90°, 1/pq keeps a constant value of 1, and
1/w is equal to tan(y/2), which presents a linear tendency. An
analog amplitude compensation could be easily performed by
means of a variable gain block in the I-channel, as the
correction can be directly obtained from the received Qeui(t)
signal. Amplitude imbalance can be also digitally compensated:

The work presented in [17] responds to, the particular
situation of a five-port circuit with y=90°, and the same
amplitude response in the three ports. The authors extract the
equations describing the 1/Q regeneration circuit behavior from
these specific conditions, but they do/not. consider a general
five-port junction. However, the design criterion of an optimal
five-port network imposes y=120°. We have demonstrated that
the proposed I/Q regeneration technigue.can be extended to any
five-port structure, as longsas it fulfills the amplitude and phase
symmetry conditions just in ports 3 and 5 (10)-(11).

C. DC-offset and IMD2 suppression

The quadratic response of the detectors represents a second-
order nonlinearity, which generates undesired baseband beats
affecting the »performance of direct conversion receivers
[1],[19]. These undesired distortion terms are represented as
Vyci and ' Ri-n(t) in (3). Moreover, in the presence of strong
interfering signals, other undesirable distortion products can be
generated.”This situation occurs, for example, when an adjacent
channel is located within the bandwidth of the receiver’s RF
filter. In this case, the RF input signal would be:

Vee ()= iRe{[l )+ Q)] e/ + z,, (t)-e"z”fadjt},(sg)

where fagj and zagj(t)=laqj(t)+jQaq;j(t) represent, respectively, the

frequency and the complex envelope of the adjacent channel
signals. If |fag - fLo| is greater than the cutoff frequency of the
low pass filter, the output vi(t) signals will be:

WO =12 ANE + 2 [B2120) + Q20+ By, 1 O+ Qe 0] (40)

+S;[1(t) cos(e; )+ Q(v)sin(¢; )]

with Bragj; the five-port circuit attenuation from the RF port at
fagj. Therefore, not only the self-mixing of the LO and useful
signals will appear, but also the self-mixing /of the adjacent
channels, which occupy twice the bandwidth.0f lag(t) or-Qagj(t).
Proceeding as in Section Il, (40) can rewritten as follows

v, (t)= Vg, +dc;+Rin(t) + R', n,g; (t)+ S, [cosg, 1 (t) +sing Q(t)] (42)

where R’ = % B%adjvi . dci’ and nag(t) are, respectively, the DC

and time variant components of the self-mixing of the adjacent
channel. Now the expressionof lout/Qout Will be:

|:|out(t)i|: |:?I :||:|(t)j| +|:RI :|-n(t)+|:R:l :|-nad-(t)+|:VdCI :| ’(42)
Quutlt)] |30 [Qt)] |Ro Rio| ™ [Vaeo

. v 200 o
where R, =-R 3+ER ,~R’s,andR',=R;-R';=0.

On/one hand, the amplitude symmetry condition between
ports 3 and 5 involves that the terms Vo, Rg and R g are null.
Hence, no DC-offset and IMD2 will appear in the Q-path. On
the other hand, if the same amplitude response is presented in
port 4, Vgei, Riand R’y will be null, and the DC-offset and IMD2
terms will be also eliminated in the I-path.

Another possible situation that results in the generation of
undesirable baseband components is the following. Consider
two strong signals, cos(2zfit) and cos(2zfat), separated in
frequency an amount f,-f;=A, less than the bandwidth of
interest. When these signals are exposed to a second-order
nonlinear behavior, a baseband beat is generated at A Hz:

2
Vi(t)=Vigei + Rint)+ D R 1 Nygin (t)
n=1

+S;[cos; 1 (t)+ sin¢iQ(:t)]+ S', cos(2mAt)

(43)

where S’i=K2i-Bi-Br,i, and Bn and By, are the five-port circuit
attenuations from the RF port at frequencies fi and f,. The same
conclusions can be extracted in this case: the amplitude
symmetry condition between ports 3 and 5 ensures distortion
rejection in the Q-signal; considering the same attenuation in
port 4, the distortion can be also eliminated in the I-path.
Consequently, the IMD2 and the DC-offset can be eliminated in
the regenerated I/Q signals if there is the same attenuation in
three output ports.
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IV. DESCRIPTION OF THE PROTOTYPE

A five-port receiver prototype has been developed in order
to validate the proposed 1/Q regeneration method. The block
diagram of the fabricated five-port receiver is shown in Fig. 5.
It is composed of a five-port demodulator circuit and an analog
I/Q regeneration circuit. The detailed description of the five-
port and I/Q-regeneration circuits is presented bellow.

f v,
LO — § >
Five-Port | Va(t) | 22 & I(t)
Circuit 2 g Q
RF — vs(t)| S° Q)
—

Fig. 5. Block diagram of the developed five-port receiver

A. Five-Port Circuit

Fig. 6 illustrates a photograph of the fabricated five-port
circuit, using MIC (Microwave Integrated Circuits) technology.
It is composed of a five-port junction and three power
detectors. The five-port interferometer is a microstrip ring
designed for a 2.1 GHz central frequency, using a FR4 substrate
(=4.7, h=1.59 mm). The power detectors are implemented
using the Agilent HSMS2850 Schottky diode.

LO input _l

RF input

Ring with

Power 5 arms

detector

Three outputs
Fig. 6. Fabricated five-port circuit

B. Analog I/Q Regeneration Circuit

Fig. 7 shows the fabricated I/Q regeneration circuit, which
responds to the configuration represented in Fig. 2, with g=1.
The values of RLl/and R2 have been selected to achieve a
voltage gain of 30. Therefore, in order to ensure equal and high
load impedance at the three detectors outputs, a simple circuit
composed of three followers has been added before the 1/Q
regeneration/ircuit.

I/Q Regeneration Circuit

Fig. 7. Fabricated I1/Q regeneration circuit
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Fig. 8. Measured amplitude and phase shift of the five-port circuit output signals,
PRF:'35 dBm, PLo=0 dBII], Af=10 KHz

V. MEASUREMENT RESULTS

This section presents the-experimental validation of the
proposed 1/Q regeneration method, as well as the demodulation
capacity of the developed five-port receiver.

A. 1-Q Phaseand/Amplitude Imbalance

According to ‘the theory presented in Section IlL.A, the
orthogonality. of the regenerated I/Q signals is ensured when
both amplitude and phase symmetry conditions (10)-(11) are
maintained. Consequently, the first step is to verify if the
developed five-port circuit fulfils these symmetry conditions.

Two sinusoidal signals with a 10 kHz frequency
displacement are introduced into the RF and LO input ports.
These signals come from two Agilent E8267D signal
generators, which have been phase locked. The LO power level
is fixed to P.o=0 dBm, and the RF power to Pge=-35 dBm. The
three output signals of the five-port circuit are introduced into
the Agilent 54622A oscilloscope. Fig. 8 represents the
measured amplitudes of the three output signals (Vs, Vi, Vs),
and the measured phase shifts of signals va(t) and vs(t) with
respect to signal va(t) (®3-Da, ©s-Ds). As it can be seen, the
circuit keeps phase symmetry in a very large frequency range,
from 0.5 to 2.5 GHz. However, the amplitude balance between
ports 3 and 5 is only maintained around the central frequency,
2.1 GHz, as five-port rings typically cover less than 20%
bandwidth. A +3.5 dB amplitude imbalance between ports 3
and 5 is observed from 0.5 to 2.5 GHz. Therefore, from Fig. 3,
a maximum IQ phase imbalance of 11.5° is foreseen.

Next, the 1/Q regeneration circuit is connected to the five-
port circuit, and the received I/Q signals are introduced into the
Agilent 54622A oscilloscope. The measured amplitudes and
phase difference of the received I/Q signals are presented in
Fig. 9. The simulated 1Q phase imbalance, calculated from the
measured five-port circuit response (Fig. 8), is also plotted in
Fig. 9. On one hand, a constant phase difference around 90° is
maintained from 0.5 to 2.3 GHz, although there is not amplitude
symmetry in this frequency range. The maximum phase
imbalance is 10°. Consequently, the proposed technique permits
to increase the operating frequency of the five-port
demodulator. On the other hand, as it was demonstrated in
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Section III.B, the relation between the amplitudes of the
regenerated 1/Q signals is given by the term tan(y/2). Therefore,
the value of y can be calculated from the measured 1/Q
amplitudes. The comparison between the calculated value of y
and the measured phase shift of the five-port Circuit output
signals is presented in Fig. 10. The system follows the
theoretical behavior from 1.8 GHz to 2.5 GHz, although'there is
not perfect amplitude symmetry betweenports 3 and 5 (Fig. 8).

B. DC-offset and IMD2 suppression

As it was demonstrated in Section I11.C, the IMD2 and the
DC-offset can be eliminated.in.the received 1/Q’signals if there
is the same attenuation/ in three output ports. The first
experiment to prove this affirmation will be carried out without
the presence of adjacent channel signals, in order to evaluate
just the DC-offset suppression performance. Two sinusoidal
signals, coming from.two Agilent E8267D generators and
separated 10.kHz in frequency, are introduced into the RF and
LO input ports. The'RF power is Pre=-35 dBm. Since the 1/Q
regeneration circuit has a voltage gain of 30, the relation
between the DC-voltage and the amplitude of the received
signal will'be evaluated. This relation will be firstly measured
at the three five-port circuit outputs, using the Agilent 54622A
oscilloscope. It corresponds to the case of using a typical five-
port receiver configuration, where the three outputs are directly
digitalized. After, we will connect the analog I/Q regeneration
circuit between the five-port circuit and the oscilloscope, and
the relation will be measured
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Fig. 12. DC-offset suppression performance versus LO power, f=2.1 GHz.

at'thed and Q outputs. Setting the LO power to P o=0 dBm and
varying the frequency, the measured results are presented in
Fig. 11. Effectively, the ratio DC-voltage/Amplitude is lower
in the 1/Q signals for all the measured frequency range. This
ratio approximates to zero around the central frequency of the
five-port circuit, since there is amplitude symmetry and the DC-
voltage tends to be null. Fig. 12 shows the ratios DC-
voltage/Amplitude as a function of the LO power, fixing a
frequency of 2.1 GHz. Once again, the ratio is lower in the I/Q
signals for all the values of Pro. In addition, the DC-offset is
completely cancelled for values of P o around -4 and -3 dBm.
Secondly, the IMD2 suppression performance will be
evaluated in the presence of strong interfering signals. We have
considered the two situations expounded in Section I11.C: one
interfering adjacent channel signal, and two interfering signals.
In the first situation, both wanted and interfering signals are
100 kbps QPSK modulated signals, located at frr=2.1 GHz and
fagi=2 GHz, respectively. The LO power is P.o=-3 dBm, and
the wanted signal power is PRF=-39.8 dBm. The interference
power (Pagj) will be swept from -30 to 10 dBm. First, we
introduce the wanted signal into the input of the five-port
circuit. Using a spectrum analyzer, we measure the power
concentrated into the baseband signal bandwidth (0-50 kHz),
which will be called useful signal power (Pus). This power
comprises the contribution of the desired signal, and its self-
mixing. Next, we introduce the interfering signal and repeat the
same measurement. In this case, the measured power
corresponds to the self-mixing of the interfering signal
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(Pimp2). The measured relation between Pys and Pivpz for
different values of P, is shown in Fig. 13 (a). The quadratic
behavior of the self-mixing terms can be clearly appreciated in
the curves corresponding to V;. The IMD2 rejectdimprovement
with respect to a conventional five-port receiver is evident. Pys
is lower than Pmp at the five-port circuit-outputs, while the
opposite situation happens when the 1/Q.regeneration circuit is
used. The proposed five-port demodulator /achieves an
increment in the relation Pys-Pimp2/between 26 and 45 dB.

In the second situation, two toneS separated 200 kHz at 2
GHz are combined with theswanted.signal, which is a tone
separated 10 kHz from the fo=2.1 GHz. The LO power is
PLo=-3 dBm, and the wanted signal power is Prr=-39.8 dBm.
Now Pys will be the power of the received tone at 10 kHz, and
Pimpz2 Will be the (jpower of the interferences beat at 200 kHz.
Fig. 13 (b) collects the’measured results, where P is the
power ‘of each interfering tone. In this case, the IMD2 term is
linear with the power, as expected from (43). Once again, the
improvement in the IMD2 reject is significant, around 15 dB
better in the output I, and 23 dB in the output Q.

C. Demodulation results

In this section, we will verify the demodulation capacity of
the developed five-port receiver. The test bench is shown in
Fig. 14. Two Agilent E8267D signal generators are used as LO
and RF QPSK-modulated signals. Both generators are phase
locked. The 1/Q output signals of the five-port demodulator are
sampled by an acquisition card (PCI-6110E National

Instruments), using an 800 kHz sampling frequency.

RF signal generator Agilent E8267D
Local Oscillator

Y

Five-Port fritall BN
oo National
Circuit

Instruments

O/ Boreuy

UNaIID
uonelauabay

RF signal generator Agilent E8267D
RF QPSK-modulated signal

Fig. 14. Test bench.
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Fig. 16. Received constellations, Pre=-35 dBm, P o=-3 dBm.

The symbol rate is 100 kbps, thus the over-sampling ratio is
OSR=8. The format of the data burst is in conformity with Fig.
15! It consists of a training sequence (TS) and a data sequence.
The TS is used to perform the symbol synchronization and the
equalization process based on the Minimum Mean Square Error
Zero Forcing (MMSE) algorithm, which compensates the
amplitude imbalance of the regenerated 1/Q signals. The TS is
composed of 13 symbols, which correspond to the 26 bits of the
GSM TSC1 training sequence. The data sequence is made up of
64 symbols (128 bits).

Fig. 16 shows an example of the QPSK constellation
diagrams recovered by our circuit at 1 GHz, 1.5 GHz, and 2
GHz. The represented constellations include all the acquired
data (grey traces), and the recovered symbols after
synchronization  (black points). We observe correct
equalization performance, since constellation diagrams are
normalized and centered. In addition, the symbol
synchronization is good, as the recovered symbols are located
close to their ideal position. The variation of the Error Vector
Magnitude (EVM) with frequency is also presented in Fig. 17.
The value of EVM is quite high, due to the slight rotation that
can be observed in the constellations. This rotation comes from
the difference between the real behavior of the circuits, and the
theoretical 1/Q regeneration equations. However, it can be
easily compensated in the digital domain. Furthermore, an EVM
of 14 % is enough to demodulate a QPSK signal without errors.
In any case, the importance of these results is that they
demonstrate the demodulation capacity of the system in a large
frequency range, even if not perfect five-port symmetry is
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Finally, we have measured the sensitivity of our receiver;
defined as the RF input power to ensure a BER of 10-3. The
following figure represents the BER versus the power of.QPSK
modulated signal. We obtain a sensitivity of —-65.4 dBm for the
developed five port receiver, without using. a- low. noise
amplifier. The sensitivity improves around 3 dB with respect to
digital 1/Q regeneration [7], as a consequence.of the DC-offset
cancelation. Furthermore, a BER improvement will be also
observed when handing high power levels, or in the presence of
interfering signals, due to the IMD2.suppression:

VI. CONCLUSION

This paper presents a direct) baseband 1/Q regeneration
method applicable to five-port architectures. It is based on the
property that the five-port circuit has an axis of symmetry,
which can be easily satisfied by five-port and three-phase
circuits. The validity-.of the method has been satisfactorily
proved in an.experimental five-port receiver. The proposed
method ' .overcomes” some typical drawbacks of five-port
receivers.-On one hand, it eliminates one baseband output and
the calibration algorithm without any reduction in the operating
frequency band. On the other hand, it improves the DC-offset
and IMD2 rejection, which are main problems in direct
conversion architectures.
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