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Abstract

This paper shows that interesting properties are obtained
when the front-end of a wireless receiver using several
antennas comprises a multiple-input-port and multiple-
output-port (MIPMOP) amplifier, as opposed to multiple
independent single-input-port and single-output-port low-
noise amplifiers. The case of a receiver front-end
implementing a MIMO series-series feedback amplifier
(MIMO-SSFA) is presented in detail.

1. Introduction

Receivers for Multiple-Input and Multiple-Output
(MIMO) or Single-Input and Multiple-Output (SIMO)
wireless communication systems use several antennas
forming a multiple-port antenna array. The performances of
multiple-antenna radio communication systems are often
assessed using the assumption of uncoupled antennas. This
is clearly an approximation, which will fail if the antennas
are close to each other. The physical size of the antenna
array is often limited by the application, e.g. in the case of
portable transceivers. There is consequently a need to take
into account the effects of antenna separations in an array of
antennas used as a multiport, and such effects are likely to
impact the properties of a radio communication system and
the design of the wireless receiver [1] [2] [3] [4].

This paper shows that a non-conventional wireless
receiver front-end connected to an antenna array may
provide improved performances compared to a conventional
design. Two types of non-conventional wireless receiver
front-end will be considered: passive and active. However,
this paper focuses on active non-conventional wireless
receiver front-ends of the MIMOmatch type, which by
definition comprise a multiple-input-port and multiple-
output-port (MIPMOP) amplifier.

A detailed design example will show how an active non-
conventional wireless receiver front-end may be designed
to obtain a given input impedance matrix, using a MIMO
series-series feedback amplifier (MIMO-SSFA) [5][6]. The
resulting directivity will also be studied, in the context of a
deterministic plane wave impinging on the antenna array
used for reception.
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Fig. 1. An array of n antennas connected to n uncoupled 2-conductor
transmission lines connected to a receiver having » input ports.

2. Conventional front-end design

A multiport array of antennas used for reception is
shown in Fig. 1. The n uncoupled transmission lines linking
the n antennas to the n input ports alter the impedance
matrices seen by the receiver and the antenna. In order to
characterize this structure, we define the following matrices:
7, is the impedance matrix of the array of n antennas, Z,,
is the impedance matrix seen by the array of » antennas,
Z,,,. is the impedance matrix seen by the receiver, and Z,,
is the input impedance matrix of the receiver.

Such an antenna array used for reception may be
implemented in the conventional scheme for wireless
reception shown in Fig. 2, comprising 4 antennas (100), 4
bandpass filters (200), 4 low-noise amplifiers (300), 4
analog processing and conversion circuits (400) and a
multiple-input signal processing device (550), whose output
is connected to the destination (600).

In Fig. 2, the analog processing and conversion circuits
may implement the following main steps: frequency
conversion, filtering and amplification of the intermediate
frequency signal, demodulation and analog-to-digital
conversion of the I and Q signals. The multiple-input signal
processing device used in Fig. 2 for instance performs
OFDM demodulation of each input signal, space-time
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decoding (MIMO decoding), channel decoding and source
decoding [3] [7] [8].

The receiver block of Fig. 1 corresponds to the items
(200), (300), (400), (550) and (600) of Fig. 2, while the
transmission lines between antennas and receivers are not
shown in Fig. 2. Z,, (which relates to the input of the
bandpass filters) is a diagonal matrix, because the band-pass
filters (200) and the low-noise amplifiers (300) are
uncoupled. For the same reason, Z, is also a diagonal
matrix. On the other hand, the impedance matrix Z,,, is not
diagonal because the antennas are close to each other. Zg,,
is not diagonal either. Consequently, no matching is
possible between Z,, and Z,, or between Zg,,, and Z,,.
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Fig. 2: A conventional 4-antenna wireless receiver.

In Fig. 2, we see 4 independent analog chains each
consisting of the items 200, 300 and 400. A multiple-input-
port receiver front-end is called a multiple-input-port and
multiple-output-port (MIPMOP) front-end if it is not made
of multiple independent analog chains.

3. Passive MIPMOP front-end design

The block diagram of a wireless receiver using a passive
MIPMOP front-end is shown in Fig. 3, in which the front-
end comprises a MIPMOP passive linear matching network
(250), and other blocks mentioned in Fig. 2. The MIPMOP
passive linear matching network used in Fig. 3 is also a
band-pass filter. It may provide hermitian matching between
Z, and Z,.

Let us use X* to denote the hermitian adjoint of a matrix
X, that is to say a matrix equal to the matrix transpose of the
matrix complex conjugate of X. In this paper, we consider
that hermitian matching is obtained if the input ports of the
receiver see an impedance matrix Zg,, equal to the

hermitian adjoint Z,* of the input impedance matrix Z,, of
the receiver. Hermitian matching to an array of antennas

directly provides a stronger signal because it is a sufficient
condition for maximum power transfer [9] [10]. It may
eventually improve the signal-to-noise ratio, if noise is not
degraded by the provisions providing conjugate matching,
such as losses in the MIPMOP passive linear matching
network. It has been shown that the degradation of
performances caused by losses must be taken into account
to obtain a realistic MIPMOP passive linear matching
network design [11] [12]. Also, MIPMOP passive linear
matching network are complex since n(2n+1) high-Q
reactive two-terminal circuit elements are required. They
are therefore not yet used in practice.
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Fig. 3: A 4-antenna wireless receiver using a passive MIPMOP front-end
design.

We refer to the scheme of Fig. 3 as a passive MIPMOP
design because couplings between the inputs of the receiver
are caused by a passive filter. In addition to power transfer,
other important characteristics of a front-end design are the
directional patterns and the correlation coefficients of the
signals reaching the multiple-input signal processing device
(550). Since this paper is focused on electronic design, we
will not discuss these parameters which are closely related
to the properties of antennas and to propagation models.

4. Active MIPMOP front-end design

Figure 4 shows a block diagram of a MIMO wireless
receiver using an active MIPMOP front-end design,
comprising a MIPMOP low-noise amplifier (350), and the
other blocks used in Fig. 2. The motivations of this
architecture lie in the following observations:
® in Fig. 3, the potential benefits of introducing couplings
before the low noise amplifier are offset by increased losses
in the passive linear matching network;
® however, it is possible to introduce couplings inside the
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Fig. 4: A 4-antenna wireless receiver using an active MIPMOP front-
end design.

amplifier, so as to obtain hermitian matching without
significant added noise;

® a good building block for this approach is the MIMO
series-series feedback amplifier (MIMO-SSFA) initially
introduced to obtain reduced crosstalk and echo in
multiconductor interconnections [5].

Figure 5 shows a MIMO-SSFA, having n = 4 signal
input terminals and » signal output terminals, comprising 7
active sub-circuits (ASC) and a feedback network. Using j
to denote an integer such that 1 < j < n, Fig. 6 shows the
ASC j having its sub-circuit input terminal I connected to
the signal input terminal j and its sub-circuit output terminal
O connected to the signal output terminal ;.

Using the notations of Fig. 6, we require that each ASC
is such that i, ; and i, ; depend on e; - w;. An ASC can be
a single transistor or a more complex circuit possibly having
connections to ground and/or to one or more power
supplies, even though such connections are not shown. The
feedback network has a grounded terminal and n other
terminals each being connected to the sub-circuit common
terminal of a different ASC. The feedback network presents
a non-diagonal impedance matrix Zg, this impedance
matrix being defined with respect to the reference terminal,
and the feedback network produces a negative feedback.
The name “MIMO-SSFA” used to designate this amplifier
is a consequence of the fact that the negative feedback used
in Fig. 5 can be considered as a generalization of series-
series feedback. We further require that the feedback
network cannot be split into two uncoupled sub-networks.

We define the input current i, ; flowing into the signal
input terminal j and the input voltage v,; between the signal
input terminal j and ground. We define the column-vector
I, of the input currents i, ,, ..., i;,, and the column-vector V,
of the input voltages v, ,, ..., v, ,. We define the output
current i, ; flowing into the signal output terminal j and the
output voltage v,,; between the signal output terminal j and
ground. We define the column-vector I, of the output
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Fig. 5. A MIMO series-series feedback amplifier (MIMO-SSFA).
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Fig. 6. An active sub-circuit (ASC) of the MIMO-SSFA.

currents iy, ..., iy ,, and the column-vector V, of the output
voltages vy, ..., Vo e

For small signals, at a given quiescent operating point,
the MIMO-SSFA is characterized, in frequency domain, by
the two following equations:

I =Y V,+ Y Vo 1)
I, =Y V,+ Yo Vo (2)

where we can refer

B to Y, as the “short-circuit input admittance matrix” of
the MIMO-SSFA or simply as the “input admittance
matrix” when no confusion may occur,

B to Y, as the “short-circuit reverse transfer admittance
matrix” of the MIMO-SSFA or simply as the “reverse
transfer admittance matrix” when no confusion may occur,
B to Y, as the “short-circuit forward transfer admittance
matrix” of the MIMO-SSFA or simply as the “transfer
admittance matrix” when no confusion may occur, and

B to Y as the “short-circuit output admittance matrix” of
the MIMO-SSFA or simply as the “output admittance
matrix” when no confusion may occur.

These four matrices have complex components and may
be frequency-dependent. When an ASC j has only three
terminals, the small-signal behavior of the ASC j may be
described by the admittance matrix Y, ; of the two-port
with respect to the sub-circuit common terminal, defined by
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.IA,/ — Yij J J (3)
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where Voo
Y. = P12 (%)
Yrpoaj

Yreuij

Pj =
Yrpatj

In order to provide simpler formulas, we will assume
that all active sub-circuits have substantially identical
properties. Dropping the j indices, for ASC having exactly
3 terminals, we get [6]:

Y5 =[yTP111n + {yTPllyTP22 - yTP12yTP21}ZFB]

-1 (%)
x [ln + (yTPll T V2 ¥ Vet T Vrrm )ZFB

Yiss = [yTPIZ 1, - {yTPllyTPZZ ~ Yrr12Vrp21 }Z FB]

-1 (6)
X [ln +(yTP11 T V2 ¥ Ve T Vrpn )ZFB]
Yrss =[yTP211n - {yTPZZyTPll _yTPIZyTPZI}ZFB]
-1 (D)
X [ln +(yTP11 T Vipo T Vot T Vrpo )ZFB
Yoss :[yTPZZ 1,+ {yTPllyTPZZ _yTPIZyTPZI}ZFB]
(®)

-1
X[ln +(yTP11 T Vrpi2 T Vrpar +yTP22)ZFB]

where 1, is the identity matrix of size n x n. Using (5)-(8),
it is possible to proportion the ASC and the impedance
matrix Z,, of the feedback network to obtain wanted
interactions between the channels. In addition, input filters
and output filters may also be used to further tailor the input
admittance matrix Y, of the receiver. In the following, we
will use n uncoupled input filters and » uncoupled output
filters connected to the MIMO-SSFA to obtain the filters
(200) and the MIPMOP amplifier (350) shown in Fig. 4.

5. Design example using 4 antennas

A. Description of the antenna array

This section applies to a circular array of four parallel
half-wave dipole antennas (side-by-side configuration) for
fo = 1880 MHz presenting a 0.424 A = 27 mm spacing
between the nearest array elements. Each dipole presents a
self-impedance equal to 73.13 Q [13, pp. 34-37] and the
mutual impedances are computed with the induced EMF
method, using a closed-form formula for the fields and a
numerical integration [14, eq. 8-68]. The impedance matrix
of the antenna array is computed as

731 L1-364; -233-159; 11-364;
11-364; 731 11-364; —233-159;

@ =1 233-159;  11-364 731 11-364;
11-364; —233-159j 11-364; 731

(€)

If a plane wave of wave vector k, having a linear
polarization along the unit vector u such that uk = 0 is
impinging on the antenna array, the open-circuit voltage
Van 0; Of the antenna j is given by [13, p. 305] [15, p. 6-5]:

(10)

where E, is the magnitude of the incident electric field at the
origin, r; is the radius vector of the center or the antenna j,
where the effective height H,; is

cos(ﬂ 0056)
_ % 2

T mfy sin®

where ¢, is the free-space light velocity and e, is the unit
vector of the spherical coordinates corresponding to partial
derivation with respect to the zenith angle 8. For §=r/2 and
|u-e,| = 1, the effective height is 51 mm at f, = 1880 MHz.

We assume that each antenna is connected to the
MIPMOP amplifier via a two-conductor interconnection
(for instance a coaxial cable) behaving as a two-conductor
transmission line. The antenna number j is connected to the
near-end of the interconnection number j of length d,
characteristic impedance z;, phase velocity c¢; and
attenuation constant o;. The far-end of the interconnection
number j is connected to the input port number j of the
MIPMOP amplifier. Let us define the characteristic
impedance matrix Z. of the interconnection as

Z,. =diagn(za,...,zcﬂ) (12)

where diag,(x,,..., x,) denotes the diagonal matrix of size
n x n of the components x,,..., x,. Let us also define the
transmission matrix T of the interconnections as

—[al*'jz”fo }dl _|:an+j2”f0 :|dn

Vawoj = Heffj E, exp(—jk'rj)

(1)

u-e,

T =diag,| e ale o (13)
After some derivation, we get
T+T' T-T"
ZSant Z{ 2 Zant _TZC}
T+T', T-T'_ | (9
{ 2 ZC - 2 Zant} ZC

If we assume that four identical 0.045-meter-long
transmission lines are used, having, at f; =1880 MHz, a
propagation velocity of 0.5 ¢,, a characteristic impedance of
80 Q and an attenuation of 2.0 dB/m, the resulting
impedance matrix seen by the receiver at f; is equal to:

844+101j -—187-325; —179+135; -187-325;/
| -187-325] 844+101 -187-35j -179+135]
St T\ 17941357 —187-325; 844+101j —18.7-325;
~187-325; -179+135; —187-325; 844+10.1;
(15)

We note that, when we compare (9) and (15), the
relative difference between diagonal entries is small, but the
non-diagonal entries are thoroughly modified.
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B. Design of a MIPMOP low-noise amplifier

In this section we wish to synthesize a MIPMOP
amplifier corresponding to the blocks (200) and (350) of
Fig. 4, such that Z,, = Z,;*, i.e. such that hermitian
matching is obtained. The selected MIPMOP amplifier
structure is shown in Fig. 7, where a MIMO-SSFA is used.
Each ASC is made of a packaged low-noise pseudomorphic
HEMT and a drain resistor providing resistive loading to
improve stability. The feedback network of the MIMO-
SSFA consists of the 4 inductors L411 to L414, coupled by
mutual induction.

If mutual induction was not present, Fig. 7 would
represent four independent single-input and single-output
LNA with inductive source degeneration. Such LNA are
capable of simultaneously providing minimum noise figure
and conjugate matching to uncoupled antennas [16] [17]. In
our active MIPMOP front-end design, mutual induction in
the amplifier produces a non-diagonal input impedance
matrix Z,,. Consequently, this low-noise MIPMOP
amplifier requires no added circuit element compared to the
four independent LNA used in the conventional design of
Fig. 2.

We assume that the input impedance of each analog
processing and conversion circuits (400) is 50 Q. Each of
the 4 uncoupled output filters is made of an inductor (L511,
etc) and a capacitor (C521, etc). The multiport load seen by
the MIMO-SSFA looking into the output filter is
characterized by a diagonal matrix Z, . The loaded input
admittance matrix Y5 of the MIMO-SSFA (i.e. the input
impedance with Z, . at the output, as opposed to Y
defined above) can then be computed as

-1
Yiiss = Yiss = Yass (lm +Z 55 Yoss ) Z 55 Yrss

= Yo = YagsZ g (lm + YOSSZLSS) 1Yrss (16)
where Y, Yires Yrgs and Y g are computed using (5)-(8)
and equations corresponding to a SPICE model of the
HEMT including package parasitics. Each of the 4
uncoupled input filters is made of an inductor (L221, etc)
and a capacitor (C211, etc). The input impedance matrix Z,;,
of the MIPMOP amplifier is the input impedance matrix of
these filters loaded by Y. In this way, we obtain a set of
closed-form expressions for Z,,. A similar approach
provides a set of closed-form expression for the voltage
gain matrix G, of the MIPMOP amplifier.

Because of the circular symmetry of our design, for
given inductance and quality factor of L411 and a given
value of R311, we need only to determine the values of the
circuit elements C211,1.221, C521, L511, and the values of
the coupling coefficients k12 and k13. Through a step-by-
step optimization process, we were able to obtain physically
meaningful values for which || Z,, - Zj,,*|, = 0.178 at the
frequency 1880 MHz, where || X ||, denotes the Euclidian
norm of X. In other words, we could synthesize a MIPMOP
amplifier providing an input impedance matrix Z,, which
closely approximates Z

ant*
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[ L512 ! |
= :

L413 EMIZ

Fig. 7: A low-noise MIPMOP amplifier comprising a MIMO-SSFA, 4
independent input matching networks and 4 independent output matching
networks.

At 1880 MHz, the computed voltage gain matrix of the
amplifier is

—28-33j 01409 02+04; 01+09;
G | 01+09) -28-33j 01409 02+04;
"1 02404/ 01+09; -28-33j 01+09;
01409/ 02+04j 01+09; -28-33/

(17)

and Fig. 8 shows the absolute value of the entries of G, and
its L, norm, in dB, as a function of the frequency.

lGvll
15
Gy
0
3
0 v |Gvyy —]
Gy
5 /

11 18 182 184 186 188 18 182 184 196 182

Fig. 8: Voltage gains (in dB) of the voltage gain matrix

We also computed the average power delivered to each
analog processing and conversion circuits (400) and the
mean of the average powers, at 1880 MHz, as a function of
the azimuth angle. We used (10) and (11) to obtain the
open-circuit voltages of the antennas. The results are shown
in Fig. 9
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Fig.9: The average powers P0, P/, P2, and P3 delivered by the outputs of
the MIPMOP amplifier shown in Fig. 7 (in pW) and their mean P,, =
(PO + Pl + P2 + P3)/4 as a function of the azimuth (in degree) when the
antenna array receives an incident plane wave of 1 V/m (peak).

6. Conclusion

A receiver front-end comprising a MIPMOP amplifier
(MIMOmatch front-end) may provide a wanted non-
diagonal load impedance matrix to an array of antennas. In
the theoretical example studied in this paper, nearly
maximum power transfer from the antenna array to the
receiver was obtained without any additional part compared
to a conventional design, since mutual induction between
the degeneration inductors provided the coupling.

A full design would also take into account the
correlations between the different channels, and noise.
Using some assumptions (for instance 2-dimensional
Rayleigh channels), correlation coefficients between the
channels may easily be computed and taken into account in
the design. The question regarding noise is more difficult,
both from the measurement and from the theoretical
standpoints, because of the couplings in the amplifier and
in the antenna array. However, the influence of mutual
impedances between antennas is, as far as we know, always
disregarded in the noise characterization of a conventional
receiver such as the one shown in Fig. 2. This is because
standard approaches disregard the fact that the noise
delivered by an input port may excites other input ports via
antenna coupling. Consequently, we observe that suitable
accepted noise parameters are not yet available [18].

We have shown that an active MIPMOP front-end
should be considered when designing receivers using
multiple antennas with narrow spacing. The design will
require cooperation between the front-end and antenna
designers since the interface specification is not as simple
as “50 Q” anymore. Thus, co-design will provide the best
performances, at no additional manufacturing cost.
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