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Abstract: An architecture for implementing the maximum ratio combining (MRC)
in the radio-frequency (RF) domain has recently been proposed based on applying
vector modulators at each branch. In this paper we study a simplified architecture,
which eliminates the need for IQ mixing and reduces the number of adders. Inter-
estingly, the optimal beamforming solution, derived according to a minimum mean-
square error (MMSE) criterion, reduces to the application of beamformers with real
coefficients. Moreover, the real beamformer is given by the largest eigenvector of a
ngr X ng real matrix formed by adding the outer products of the real and imaginary
parts of the single-input multiple-output (SIMO) channel, which must be known at the
receiver. From our point of view, the reduction in system size and power consumption
of the simplified architecture justifies its performance degradation, which is always
lower than 3 dB. Finally, the performance of the proposed scheme is illustrated by
means of some numerical results.

Keywords: Analog beamforming, diversity combining, maximum ratio combining
(MRC), minimum mean-square error (MMSE).

1. Introduction

An alternative to achieve most of the benefits of multiple-input multiple-output (MIMO)
systems (e.g., spatial diversity and array gain), without excessively increasing the hard-
ware cost and system size, consists of performing the spatial processing in the radio-
frequency (RF) domain. Several alternatives for analog combining of multiple receive
antennas have been proposed in the last decade, mainly based on variable-gain ampli-
fiers (VGA) and phase shifters applied on each branch [1,2]. Until very recently, these
RF combining schemes provided limited performance, especially because phase shifters
tend to exhibit significant amplitude variations. However, some recent advances on
SiGe-BiCMOS-technology, jointly with some innovative concepts introduced for phase
and amplitude control circuits [3] have made possible to develop a full 360° control
range of the phase shifter together with an amplitude control of more than 20 dB.
Consequently, the use of RF architectures for analog combining has recently received
renewed interest as an enabling technology for compact mobile handhelds equipped
with multiple antennas [4-7].

A general RF beamformer architecture that uses a vector modulator approach is
shown in Fig. [1l If the SIMO channel is known at the receiver, this scheme can imple-
ment the optimal maximum ratio combining (MRC) solution by choosing properly the
gains of the inphase and quadrature signals at each branch. Despite its advantages in
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comparison to a full baseband implementation (which would require a complete down-
conversion chain followed by an analog-to-digital converter per receive antenna), this
MRC analog combining scheme still requires a considerable amount of components.
Taking this into account, the goal of this paper is threefold: i) to propose a simpli-
fied architecture for analog combining; ii) to derive the minimum mean-square error
(MMSE) beamformer for the new architecture, and iii) to perform a comparative anal-
ysis of the proposed RF architecture with respect to the optimal MRC analog combining
scheme in terms of system size, power consumption and performance (bit error rate).
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Figure 1: MRC analog combining architecture.

The proposed system architecture, which we refer to as real beamforming (RB),
allows a significant complexity reduction while maintaining a small performance degra-
dation with respect to the MRC solution. Finally, we must point out that, in order to
simplify the presentation of the main ideas, the system analysis and design is carried
out from a baseband point of view. Furthermore, in this paper we do not consider
potential implementational issues such as IQQ imbalance, which are left as a topic for
future research.

2. A new RF architecture for analog receive beamforming

In this paper we assume a flat fading single-input multiple-output (SIMO) channel,
and a receiver equipped with nr antennas. An RF analog combining (i.e., receive
beamforming) architecture that uses a vector modulator at each branch [4] is shown in
Fig.

By properly choosing the analog weights, this scheme can implement in the RF
domain the conventional baseband operation given by

2z =wly = (w”h)s + w'n, (1)

where h = (hy, ... ,hnR)T is the SIMO channel, y is the received signal, s is the
transmitted symbol, n is the noise and w = (wy, .. . ,WnR)T is the complex beamvector.
Under the common assumption of i.i.d Gaussian noise with variance o2, the optimal
diversity combining solution for this architecture is the well-known maximum ratio
combining (MRC) beamformer w = h/ ||h||.
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Fig. [2| shows an alternative simplified RF architecture which eliminates the adder
stage after the vector modulators and the IQ mixing. The baseband model corre-
sponding to the operations carried out by this scheme is equivalent to an independent
processing of the real and imaginary parts of the received signal, i.e.,

T
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zeRQXl W€R2><2nR yERZnRXI

where wgr and w; define the real and imaginary parts of the complex beamformer:
w = wg + jw;. This RF architecture is denoted in this paper as real beamforming
(RB) for reasons that will be evident later.
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Figure 2: New analog combining architecture (real beamforming).

3. Optimum weights for the new architecture

Using vectors and matrices with real elements, the equivalent base band signal model
can be expressed more compactly as

z=W (Hs+n), (3)
where, for instance, the 2ny x 2 real equivalent channel is obtained from the SIMO

channel h = hy + jh; as
_ (hr —h;
H = (hl hy, ) .

As an optimality criterion we consider the minimum mean-square error (MMSE)
between the transmitted signal and its estimate at the output of the beamformer.
Thus, the question of what is the optimal (MMSE) beamformer for this new scheme is
not as trivial as it might appear at first glance.
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3.1 MMSE beamformer design

According to model (3)) and under the assumption of unit power transmissions (F [|s|*] =
1), the linear minimum mean square error (LMMSE) estimator of s given H and W is

s= (oI + (WH) (WH)) ~WH)Ty, )

where -
W= (Ww?) Pw = (Wr O
0 w;/)’

and Wg = wg/||wg||, W; = w;/||w;||. Thus, the MSE matrix is given by
e L& s )
e(W)=E[(s—8)(s—8)"] = (I + ;(WH)T(WH)) . (5)

For any Schur-concave objective function of the vector containing the individual
MSESs, the optimal beamformer coefficients are those that diagonalize the MSE matrix
while minimizing its trace [8]. On the other hand, for Schur-convex objective func-
tions the optimal beamformers must give an MSE matrix with equal diagonal elements
(i.e., equal MSEs for sp and s;) and minimum trace. For our problem, the matrix
(WH)"(WH) in (5) is given by

T [ whhghiwgp +wih/hiw;, —whh/hiwg + whhghlw,

(WH)"(WH) = (—wgth?vvR + % h/hIw, whhhIws+ wlhehlw, ) ©

Therefore, the MSE matrix is diagonalized as long as the real and imaginary parts of the
beamformer are equal, i.e., Wz = W;. Interestingly, with this choice of the beamformer,
the MSE matrix not only becomes diagonal, but it also has equal diagonal elements

(7

(W (W) — (bl b 0 )

0 w! (hzh} + h/h?) W,

Finally, to minimize the trace of the MSE matrix, Wg (and w;) must be the eigen-
vector corresponding to the largest eigenvalue of the following nz X ng real matrix

R = hzh}, + h;hT. (8)

3.2 Analysis of the performance loss

It is well known that, in the case of the MRC receiver (see Fig. , the equivalent
system after beamforming is
z=|hlls +n,

where n is the complex i.i.d noise with zero mean and variance 0. Therefore, the signal
to noise ratio is )
[l

SNRyre = 2

In the case of the new architecture, the equivalent system after receive beamforming
and MMSE receiver is
z=/M(R)s+n,
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where n is the complex i.i.d. noise with variance o and A;(R) denotes the largest
eigenvalue of R. Thus, the signal to noise ratio is

MR
SNRpp = LQ)
o
Now, taking into account that R is a rank-two matrix with trace Tr(R) = ||h||?, it can
be easily seen that
h 2
B < 0w < e

where the lower (resp. upper) bound is attained when hg and h; are orthogonal (resp.
colinear). Thus, we can conclude that the performance loss of the RB architecture with
respect to a MRC system is never higher than 3dB.

4. Simplifying the real beamformer

Interestingly, the equality between the real and imaginary parts of the optimal beam-
former allows a further simplification of the proposed combining architecture, which is
shown in Fig. . We denote this RF architecture as simplified real beamforming (SRB).
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Figure 3: Simplified architecture for analog real beamforming.

Notice that, when the optimal beamformer obtained in the last section is used, the
RB and SRB schemes, which are shown in Figs. [2] and [3| respectively, are equivalent
in terms of performance. However, the presented architectures of the receiver front-
ends result in different properties with respect to the consumed power and their system
sizes. As can be concluded from Figs. [1], 2] and [3} the amount of components change
with the architectural concept and, moreover, also the requirements for some specific
subsystems. E.g. the oscillator needed for the RB architecture would consume less
power because it can operate at half the frequency compared to the MRC concept.

All subsystems for the three different architectures were designed in a 0.25 pum SiGe-
BiCMOS technology to elaborate their difference in power consumption and system
size. Table |1 shows the results for the synthesized circuits. Albeit the MRC archi-
tecture achieves similar system area, it suffers from the largest power consumption of
the three concepts because it is the most complex in terms of required components.
Consequently, the SRB approaches consumes the least power and area because of its
simple architecture. Therefore, this architecture is highly suited for mobile handhelds
that demand for energy efficient system concepts due to their limited battery lifetimes.
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Table 1: Properties of concepts regarding RF circuitperformance.

Parameter MRC RB SRB

Power consumption [mW] (330) (320) (250)
System area [mm?] 26) G0 o0

5. System performance

In this section we compare the performance of the analog MRC beamformer (shown in
Fig. 1), the proposed simplified architecture using a beamformer with equal real and
imaginary parts (shown in Figs. [, and [3), which we refer to as RB, and the equal
gain combining (EGC) beamformer, which only changes the phase of each receiving
branch [9, 10].

We have considered QPSK signals and Rayleigh SIMO channels with np = 4 and
ng = 10 receiving antennas. The obtained results are shown in Figures [4] and [5

0 5
SNR (dB)

Figure 4: BER vs SNR for MRC, EGC and the proposed real beamforming (RB). i.i.d.
Rayleigh channels.

On the one hand, Fig. 4| shows the bit error rate (BER) for the three considered
schemes in the case of i.i.d. channels. On the other hand, Fig. [5| shows the results in
the case of correlated channels. In particular, we have employed the Jake’s model with
antenna spacing d = A\/4. In both cases, we can see that, in comparison to the optimal
MRC, the SNR reduction provoked by the simplified analog combining architecture
increases with the number of receiving antenna{], but it is always smaller than 3dB

INote that as n increases, h and h; tend to become orthogonal.
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Figure 5: BER vs SNR for MRC, EGC and the proposed real beamforming (RB). Correlated
Rayleigh channel with antenna spacing d = A\ /4.

as analytically proved in subsection 3.2. In comparison to an EGC beamformer, the
performance is similar for a moderate number of antennas (ng =4) and it is slightly
worse for a large number of antennas (ng=10).

Finally, it is worth mentioning that in terms of the associated RF circuitry it is
easier to achieve a constant gain over a certain bandwidth using the proposed SRB
architecture than it is to obtain a constant phase shift for the same band using an
EGC approach. This is particularly important for wideband standards such as 802.11a,
802.16e (WiMAX) or 3GPP LTE, which use orthogonal frequency division multiplexing
(OFDM) modulations.

6. Conclusions

In this paper we have obtained the optimal MMSE beamformer for a new RF analog
combining architecture. The optimal solution turns out to be a real processing of the
complex RF signals received at each branch, for this reason the scheme is denoted as real
beamforming. Furthermore, the real beamformer is obtained as the largest eigenvector
of a matrix formed by adding the outer products of the real and imaginary parts of the
SIMO channel, which must be known at the receiver.

It has also been shown that the real beamforming architecture can be further simpli-
fied, since the use of real weights avoids the need of a phase splitter at each branch. In
comparison to the MRC analog architecture, the proposed simplified real beamforming
(SRB) notably reduces the required system area and power consumption with a loss in
performance that is upper bounded by 3dB. These interesting results make the pro-
posed SRB a suitable candidate for low cost and compact handheld mobile terminals
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equipped with multiple antennas.

In our future work, the proposed RB and SRB architectures will be extended to mul-

ticarrier systems, where we expect significant gains with respect to the EGC paradigm.
Additionally, we will study and evaluate the effects of channel estimation errors, 1Q
imbalancing, or other implementational issues.
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