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Abstract—Analog vector modulators used in eigenbeamforming
receivers usually include radio-frequency (RF) variable-gain am-
plifiers (VGAs) to modulate both the magnitude and the phase of
receiving signals. The strenuous linearity requirement of RF VGAs
makes it unsuitable to be realized in CMOS. This paper applies the
mathematical concept of overcomplete expansion and coarse quan-
tization to replace the VGAs with simple switches. The operation of
these switches are controlled by an algorithm running in the digital
domain. The proposed mixed-signal architecture thus shifts most
of the system complexity from the analog domain to the digital do-
main. It will be shown that this architecture scales well with CMOS
technology.

Index Terms—CMOS integrated circuits, eigenbeamforming,
mixed-signal integrated circuits, RF variable-gain amplifiers
(VGAs) , vector modulators.

I. INTRODUCTION

THE use of multiple antenna elements at the transmitter
and/or the receiver has emerged as one of the most

promising techniques for high-speed wireless networks, and is
anticipated to be an indispensable technique for interference
management in future cognitive radio networks. Digital imple-
mentation of the spatial processing algorithms requires separate
down-conversion path and analog-to-digital converters (ADCs)
for each antenna element. Furthermore, each ADC is required
to have high dynamic range in order for any interference man-
agement algorithm to work effectively. To reduce the number
of RF/analog components and to relax the requirement on the
ADCs, analog implementation is desired.

Among the analog implementations, phased array systems
have been successfully demonstrated in silicon [1], [2]. In these
systems, phases of signal paths, each connected to a separate
antenna element, are changed in harmony so as to steer a beam
towards a physical direction. In a multipath environment, how-
ever, changing only the phases is not adequate as the eigendirec-
tions of the channel are no longer coincident with the physical
directions. Both amplitudes and phases are needed to change.
Thus, the phase shifter is replaced by an RF complex multiplier
or vector modulator. Vector modulators can be realized with
variable-gain amplifiers (VGAs). At RF frequencies, however,
high-resolution VGAs are typically implemented in non-CMOS
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processes such as GaAs [3] which are not suitable for integra-
tion and low-power applications.

In this paper, we introduce a mixed-mode vector-modulator
architecture. We apply the mathematical concept of overcom-
plete expansion and coarse quantization [4] to replace the VGAs
with simple switches. The operation of these switches are con-
trolled by an algorithm running in the digital domain. Thus, the
proposed architecture translates most of the system complexity
from the analog domain to the digital domain, and realizes the
vector modulation functionality with simple analog circuits.

II. SYSTEM MODEL AND EIGEN BEAMFORMING

Consider a system with transmit and receive antennas in
a frequency nonselective, slowly fading channel. The sampled
baseband-equivalent channel model is given by

(1)

where is a complex matrix with the ( )th element being
the random fading between the th receive and the th transmit
antennas; the th element of is the signal impinging on the
th receive antenna; the th element of is the signal radiating

from the th transmit antenna; and is the additive noise plus
interference.

Upon singular value decomposition (SVD) of the channel ma-
trix , (1) becomes

(2)

where is an unitary matrix, is an unitary matrix,
is a matrix with only nonzero main diagonal entries,

and denotes the complex conjugate transpose operation.
Columns of and yield the transmit and the receive eigendi-
rections, respectively. The strength for each pair of eigendirec-
tions is reflected by the corresponding main diagonal element
of . Sending independent data streams along these eigendirec-
tions leads to the optimal transmission strategy [5]. As a result,
the transmitter should prefilter the modulated symbols by ,
and at the same time, the receiver should filter the received sig-
nals by before demodulation and decoding

(3)

where , , and . Through these
spatial filtering operations, the channel is naturally decomposed
into uncorrelated subchannels.

In most real channels, only a fraction of those eigendirec-
tions has substantial strength for information transmission. In
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Fig. 1. Eigenbeamforming receiver.

Fig. 2. VGA-based vector modulator.

[6], we have developed algorithms to estimate and track the
useful eigendirections. In this paper, we focus on implementing

the operation in the analog domain where the columns of
correspond to the useful eigendirections. To simply the ex-

position, we will present architecture for the degenerate case
where only the strongest eigendirection is used and is shown in
Fig. 1.

III. ARCHITECTURE AND ALGORITHM

The complex multiplier or vector modulator in Fig. 1 can be
realized by a pair of VGAs as illustrated in Fig. 2. This is a
straightforward architecture. However, RF VGAs with sufficient
resolution for the complex multiplication is difficult to imple-
ment in CMOS. In the following, we will show how we replace
the VGAs with simple switches and derive the algorithm to con-
trol the operation of these switches.

A. Overcomplete Expansion and Coarse Quantization

To understand the mathematical concept behind the proposed
architecture, let us consider two different bases in representing
a complex number

(4)

(5)

Fig. 3. Possible quantized values from (left) Nyquist sampling and (right) over-
sampling.

Fig. 4. Proposed vector modulator.

Suppose ’s can only take values in and ’s
can take values in . Fig. 3 shows the possible quantized
values. The sets of quantized values are different, but they both
cover the same space and require the same number of bits to
represent them. If we use the latter representation for , the
pair of VGAs reduces to a bank of decisions as shown in
Fig. 4. In the proposed architecture, the degree of oversampling
in the phase domain corresponds to the resolution of an equiv-
alent VGA. For example, the degree of oversampling in Fig. 4
is 2 and therefore, the resolution is equivalent to a pair of 2-bit
VGAs.

For any complex number , we can expand as

(6)

For , the basis is orthonormal – Nyquist
sampling. The expansion coefficients simply equal to the real
and the imaginary parts of , that is, and

. The and can be obtained easily by direct quanti-
zation of and respectively .
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Fig. 5. Block diagram of the 1st order �-� approximation algorithm.

For , the basis is overcomplete. The coefficients are
not unique. The basis
is a unit-norm tight frame [4]. One possible set of expansion
coefficients is

(7)

where denotes the real part of . As elements in the basis
are not orthogonal, the performance would be poor if we directly
quantize to obtain .

B. - Approximation

Suppose . The optimal is given by

(8)

Computing the optimal solution involves exhaustive search over
feasible values. When is large, the computation becomes

prohibitively large. Iterative algorithms that yield suboptimal
solutions become favorable.

As elements in the basis are not orthogonal, errors in the quan-
tization of the expansion coefficients are dependent. Suppose
we first quantize and obtain . Then we propa-
gate the error to the next bit, that is, we quantize

instead of alone to obtain . Similarly, the error
is propagated to the next bit. The th bit is

then given by

(9a)

(9b)

with the initial state . Fig. 5 gives a pictorial description
of this iterative algorithm. The block diagram resembles the 1st
order - quantization scheme that is commonly used in over-
sampling ADCs. In the context of unit-norm tight frame expan-
sion, [7] studied the performance of this algorithm and showed
that it offers excellent approximation error. Higher order –
approximation algorithm can be used to reduce the approxima-
tion error [8]. The low-pass filter in - ADC corresponds to
the analog combiners in Fig. 4.

C. Overall Architecture

Fig. 6 shows a 4-antenna eigenbeamforming receiver using
vector modulators illustrated in Fig. 4 and the - approxi-
mation algorithm in (9). In this receiver, the phase domain is
oversampled by 4. The architecture partitions the eigenbeam-
forming operation into the analog and the digital domains.

Fig. 6. Architecture of the eigenbeamforming receiver using the proposed
mixed-signal vector modulator.

In the analog domain, only simple switches and combining
circuits are needed. These switches can be implemented by
simple cross-coupled CMOS switch quads, and the addition at
the output of switches can be easily done by current combining.
Because cross coupled switches consume no power, we move
them to the mixer outputs to reduce the number of mixers. In the
digital domain, the - approximation algorithm is performed
which yields the bit sequence to control the operation of those
switches. Thus, the proposed architecture shifts most of the
complexity from the analog domain to the digital domain.
In particular, the stringent linearity requirement of VGAs is
eliminated. The proposed architecture is less sensitive to phase
and amplitude mismatches. It is because signals across the
different branches in Fig. 4 are dependent so there exists an
averaging effect at the combiner. In addition, the approximation
algorithm, running in the digital domain, can be adaptively
adjusted to take into account impairment introduced in the
analog domain.

D. Performance Estimation

Table I compares the RF/analog hardware complexity in the
fully digital and the fully analog approaches with the proposed
mixed-signal approach. The proposed mixed-signal approach
achieve minimal numbers of RF VGAs, LPFs (low-pass filters),
baseband VGAs, and ADCs, but maximal number of mixers. As
RF VGAs are typically implemented in non-CMOS processes,
the fully analog approach might not be suitable for CMOS im-
plementation. Therefore, we will focus on comparing the fully
digital approach with the proposed mixed-signal approach.
First, we use the performance number for a 1-V WLAN IEEE
802.11a receiver fabricated in 0.18- m CMOS [9] to estimate
the power consumptions which are tabulated in Table II. Appar-
ently, there is no advantage of using the proposed architecture,
except that it is more resistant to interferers and denial-of-ser-
vice attackers as it combines the receive signals from different
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TABLE I
NUMBER OF VARIOUS RF/ANALOG BUILDING BLOCKS IN DIFFERENT

EIGEN-BEAMFORMING APPROACHES FOR A 4-ANTENNA SYSTEM. IN THE

PROPOSED APPROACH, THE PHASE DOMAIN IS OVERSAMPLED BY 4

TABLE II
ESTIMATED POWER CONSUMPTION AT 0.18-�m CMOS

TABLE III
ESTIMATED POWER CONSUMPTION AT 90-nm CMOS

antennas in the analog domain. Analog eigenbeamforming
projects the receive signal onto a signal space where the signal
to interference plus noise ratio is maximized before passing
to the ADCs. This significantly reduces the dynamic-range
requirement of the ADCs in managing strong interferers and
attackers.

However, the mixer bank can be realized by passive mixers
instead of active ones. It will scale better with technology and
hence consumes less power. We simulate the mixer bank com-
posed of passive mixers together with LO buffers in IBM 90-nm
CMOS process at 1.2 V and 6 GHz. The estimated power con-
sumption is tabulated in Table III. The table also shows the es-
timated power for ADCs in 90-nm CMOS at 1.2 V reported
in [10]. For the estimates on LPFs and baseband VGAs, we
re-use those in Table II as we cannot find performance numbers
at 90-nm CMOS in the literature. Now, there is substantial ad-
vantage in terms of power consumption for using the proposed
mixed-signal architecture.

Finally, the multiphase generation block is shared by all an-
tennas. The output LO phases can be generated by a ring-type
voltage-controlled oscillator (VCO) embedded in a wideband
phase-locked loop (PLL) to clean up the phase noise. Al-
ternately, the LO phases can be derived from a single clock
phase via a delay-locked loop (DLL). The later technique,
using DLL, would scale better with technology. We derive the
architecture for the multiphase generation block, based on the
DLL approach, at 6 GHz and simulate it in IBM 90-nm CMOS

Fig. 7. MSE versus number of bases without mismatches.

process at 1.2 V. The estimated power consumption is 16.9
mW. The total estimated power consumption of the proposed
approach is therefore 134.6 mW which is still better than the
fully digital approach.

IV. SIMULATION RESULTS

This section investigates the performance of the approxima-
tion algorithm, and its robustness to phase and magnitude mis-
matches. We will first look into the mean square error (MSE)
introduced by the - approximation in (9) for bounded input

. Fig. 7 plots the MSE versus the number of bases, averaging
over 10 000 number of sample inputs. For reference, we also in-
clude the MSE curve for the optimal approximation, given
in (8). It is obtained by a brute-force search. As increases,
the MSE of the - approximation decreases as . This is
consistent with the asymptotic result for bounded inputs proved
in [7].

Now, we include the magnitude and the phase mismatches.
We denote the mean square error by where
and are the standard deviations of the amplitude and the
phase mismatches between mixers, respectively. Fig. 8 plots
the expected MSEs as well as their standard derivations. Both

and are not sensitive to small
phase and magnitude variations in the mixers. They remains de-
creasing as . We further confirm this conclusion from the
standard deviations of and . Also, the
standard deviations are not a strong function of . It is because
mismatches between mixers are uncorrelated and they trend to
average out at the analog combiners.

V. CONCLUSION

This paper introduces a vector modulator architecture for
eigenbeaming receivers that has the following advantages.

• It applies the mathematical concept of overcomplete ex-
pansion and coarse quantization to shift the complexity
from the analog domain to the digital domain, and there-
fore reduces the sensitivity to variations in process, supply
voltage, and temperature.

• The idea of overcomplete expansion in the phase domain
introduces an averaging effect on the magnitude and the
phase mismatches among mixers.
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Fig. 8. MSE versus mismatches. (a) � ����� � �� . (b) � ������ � � . (c) Standard deviation of ����� � ��. (d) standard deviation of ������ � �.

• The approximation algorithm, running in the digital do-
main, can be adaptively adjusted to take into account
analog impairment.

• The multiphase generation block and the mixer bank scale
well with technology, and hence the proposed architecture
can leverage the highly scaled CMOS technology.
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