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Abstract—Reduction of human exposure to electromagnetic
(EM) radiation from communications devices without compromising link quality is of importance as people spend more
and more time using devices with wireless connectivity. This
paper considers the idea of designing a low complexity baseband
precoder to reduce user EM exposure for the user scenario of a
laptop making an uplink connection to an access point terminal
in a picocell environment. The design of the precoder is supported
by channel sounding measurements and a ten-fold reduction in
user exposure is indicated.
Index Terms—Exposure Index, SAR, MIMO, Channel Measurements, Beamforming, Precoding.

I. I NTRODUCTION
Although as communications standards progress, there has
been a trend in maintaining a reasonably consistent transmit
power level with both 3G and 4G systems using 23dBm [1],
the increased use of portable devices with wireless connectivity is considerable. Laptops and now the newer tablet devices
all signal increased user EM exposure due to the simple reason
that, because of the sheer popularity of such devices, people
are spending more time in proximity to wireless transmissions.
In order to limit exposure to EM transmissions, an ideal
solution would be to somehow reduce the emission power
while maintaining the same signal-to-noise ratio (SNR) at the
receiver. This has the effect of reducing the speciﬁc absorption
ratio (SAR), which is metric that is a measure of user exposure.
Some current approaches in [2] [3], consider a hardware based
approach where antennas are designed in conjunction with
phase splitters to steer a null towards the user. In [4], a signal
processing approach, referred to as SAR codes, is proposed
based on the idea that a portable device placed in a ’talk
position’, i.e. placed at the user’s skull, can reduce its userimparted power by setting a phase offset of π3 between the
transmit spatial samples. This phase offset was calculated
based on CST microwave studio software simulations, which
incorporate dual antennas in conjunction with a human skull
phantom.
This work considers the user scenario of the user being
situated at a laptop that is making transmissions to an access
point terminal in an indoor picocell environment. In contrast to
the CST software approach of [4], an experimental approach
is considered here and unlike the hardware solution described
in [2] [3], a low complexity baseband precoding technique is
proposed.

Fig. 1. Illustrative schematic of user scenario depicting user exposure during
uplink.

Fig. 2. Measurement campaign: Laptop making uplink with access point
and user with probe.

II. U SER SCENARIO
A. Experimental approach
The user scenario upon which the experimental work is
based is depicted illustratively in Fig. 1. There is an uplink
communications channel between a user equipment and an
access point while simultaneously there is EM exposure to
the user.
In order to investigate this user scenario, a measurement
campaign is developed and is depicted in Fig. 2. Here, a laptop
(Tx) is equipped with two pairs of two antennas, each making
the uplink transmission to an access point (Rx), which is also
equipped with two antennas. Two pairs of transmit antennas,
spaced at approximately λ2 with respect to a carrier frequency,
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TABLE I
M EASUREMENT PARAMETERS
Parameter
Tx Power
Bandwidth
MIMO sampling frequency
Carrier frequency, fc
Measurement time
Antenna spacing

The notation ℜ {·} refers to the real part of√ a complex
number, ⊗ is the convolution operator and j = −1. x (t)is
the time domain baseband transmit sample, h (t) is the time
domain baseband channel impulse response and fc is the
carrier frequency. Further to this, a phase shifted version of
y (t), i.e., y ˜(t), may also be deﬁned:

Value
-10 dBm.
10 MHz.
24.495395 Hz.
2.3 GHz.
≈ 7 Mins.
≈ λ
(two pairs).
2

y ˜(t) = ℜ {x (t) exp (jθ) ⊗ h (t) exp (j2πfc t)} ,

fc , of 2.3GHz, are used in order to demonstrate repeatability
and the user is considered to be in the far ﬁeld region. It should
be noted that unlike the approach in [5] this user scenario
does not consider the idea of a user having a laptop on their
person, i.e. on their lap, in which case arguably the user could
be in the near ﬁeld. Also, although an uplink receiver at the
access point is integral to the user scenario, the focus of the
analysis in this work is the channel between either pair of the
two antenna laptop and a probe channel. The probe channel
is an array of four receive antennas strategically placed on
the user’s chest (two on upper chest, two on lower chest) in
order to provide a measure of how much EM energy would be
transmitted to the user, i.e. a measure of user EM exposure. It
should be noted that throughout the measurement campaign,
the user is seated in front of the laptop, as shown in the photo,
and is free to move over a small distance, as would normally
occur as a result of human posture changes. This will of course
give rise to a certain degree of fading.

where θ is the associated phase shift. Clearly, a phase
shifted version of the upconverted receive signal, y (t), can be
achieved by simply applying a factor exp (jθ) to the associated
baseband signal x (t). Given a scenario where there are NT
transmit RF chains, each being fed an equivalent baseband
sample, x (t) and employing frame based transmission, with
NS samples per frame, onto a block-fading channel then the
transmit signal in time and space would be a matrix, X, of
dimension: NS × NT . From a practical point-of-view, in order
to apply relative phase shifts in the manner implied by eqns
(1) and (2), a matrix, X̃ is now deﬁned:
X̃ = XP,



III. S YSTEM MODEL
In order to develop the case for a baseband precoder
that reduces user EM exposure, consider ﬁrstly the complex
envelope of a series of upconverted received signal samples,
y (t), where t is the sample time, deﬁned as [7]:
y (t) = ℜ {x (t) ⊗ h (t) exp (j2πfc t)} .

(1)

(3)

where X is also a NS ×NT matrix with each of NT columns
containing samples implied by the product: x (t) exp (j2πfc t),
i.e., are upconverted transmissions of baseband samples: x (t),
and P is deﬁned:

B. Measurement parameters and post-processing
Channel measurements are recorded over approximately a
seven minute period and the system parameters for the user
scenario measurement campaign are given in Table I.
The channel measurements are made using an Elektrobit
Propsound wideband MIMO channel sounder, which uses a
direct-sequence spread spectrum signal produced from binary
phase shift keyed modulated pseudo-noise codes. These codes
ascertain the channel impulse response by using a correlation
based method and as a result, the frequency domain response
of the measurements assumes a sinc function response of the
form [6]: sinc (f /fClk ), where f is the frequency domain increment over the measurement bandwidth and fClk = 16MHz
refers to the clock frequency of the channel sounder circuitry.
The experimental investigation in this work requires an accurate channel impulse response and thus all measurements are
transformed into the frequency domain where an appropriate
inverse sinc function is applied before transforming back to
the time domain.
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1

0

···

···


0 exp {jθ2 }

 ..
.
exp {jθ3 }

.
.
.
0

···

···

0
..
.
..
.







.



0
exp {jθNT }

..

.
0

(4)

H

P is a unitary matrix, i.e. PPH = I where (·) denotes the
matrix Hermitian transpose and I is the identity matrix. P is of
dimension: NT × NT and its design is the subject of Section
IV. If there are NProbe probe antennas present on the user,
then an average measure of power over the probe antennas
as function of angles, i.e., r (θ2 , θ3 , ..., θNT ), as a result of
applying the precoder, P, may be written as:

r (θ2 , θ3 , ..., θNT ) =

1
NProbe

N
Probe
X
i=1



Var 
t

NT
X

k=1,θ1 =0

ℜ {x (t)

exp (jθk ) ⊗ hi,k (t) exp (j2πfc t)}] .
(5)
The notation, Var [·], refers to the statistical variance of the
t
collection of convolved receive samples, each deﬁned at the
sample time, t, that arise when the transmit data frame is
convolved with the channel impulse response. hi,k denotes
the channel impulse response between the k th transmitter and
ith probe antenna.
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TABLE II
T RANSMIT SIGNAL PARAMTERS .

r (t

, θ ), [dBm]

12 Meas

0

2

50
15

Value
23 dBm.
5 MHz.
7.68 MHz.
10 mSec.
512.
7680.

100
θ2, [Degrees]

Parameter
Tx Power
Signal bandwidth
Signal sampling frequency
Signal frame length
Fast Fourier transform (FFT) size
Number of samples per frame, NS ,
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10

200
250

5

300
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0

Fig. 3.
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Plot of r12 (tMeas , θ2 ) in dBm indicating appropriate design of P.
r34(tMeas, θ2), [dBm]
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Fig. 4.
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Plot of r34 (tMeas , θ2 ) in dBm indicating appropriate design of P.
rAP(tMeas, θ2), [dBm]
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IV. A NALYSIS AND PRECODER DESIGN
As was indicated in Section II, the speciﬁc case where
NT = 2 and NProbe = 4 is considered in the context of
two separate transmit antenna pairs for repeatability. For the
2 transmit RF chain sample streams, the baseband samples,
indicated by the matrix X, were orthogonal division multiplexing (OFDM) symbols derived from the link level long
term evolution (LTE) simulator in [11]. Table II summarises
the transmit signal parameters [12].
Notably in Table II, there is an increase in transmit signal
power to 23 dBm by comparison to the lower value of -10 dBm
in the case of the channel measurements in Section II. This
was done in order to effectively simulate 3G and 4G standards’
transmit power as mentioned in [1] and this power level was
split equally over the two transmit RF chains. For either
transmit antenna pair, the pair of OFDM frame copies in X
are upconverted and convolved with channel impulse response
measurements described in Section II and denoted hi,k in
Section III. Throughout this analysis, appropriate subscript
notation, i.e. (·)12 and (·)34 , will be used where necessary

2

0

θ2, [Degrees]

It should be understood at this point that the samples in
the columns of the transmit matrix, X, are identical and thus
it is implicit that this form of precoding is suited to be used
in conjunction with beamforming. In the single-user MIMO
case, the optimal transmit strategy from a capacity point of
view is spatial multiplexing by using precoders based on the
singular value decomposition (SVD) of MIMO channel matrix
and then performing spatial waterﬁlling. However, it has been
shown in [8] [9] that, in the multiuser scenario, the use of
beamforming does in fact lead to high data throughputs in
the uplink. It was then proven mathematically rigorously in
[10] that beamforming is in fact optimal in a capacity sense
for the case of the uplink of multiuser systems. On the basis
of this, the precoder structure proposed here, i.e. P, could
be fedback to the user terminal (transmitter) by exploiting
pilot based channel knowledge at the access point (receiver).
Furthermore at the access point itself, P could then be matched
with PH thus allowing multiuser beamforming precoders to
be used without performance degradation. To clarify, while
the design of P appears ﬁxed in this work, in reality in a
practical implementation, P would have to interact with the
(multiuser) beamforming precoder, which is changing on each
channel estimation. As a result, so too would P have to change
in accordance in order to meet an effective angular design
criterion, which will be described in Section IV.
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Fig. 5. Plot of rAP (tMeas , θ2 ) in dBm indicating the effect of P to the
uplink channel.

in order to distinguish between transmit antenna either pair
and there will be also be a comparison to the case of applying
the same precoding analysis to channels in the uplink from
the user terminal to the access point denoted by (·)AP . Since
by deﬁnition, θ1 = 0, only θ2 is required in this case and thus
plots of r (tMeas , θ2 ) are given for the two transmit antenna
pairs in Figs.3 and 4. The term, tMeas , is the measurement time
increment that is based on the inverse of the MIMO sampling
frequency and is distinct from t.
Looking at Figs.(3) and (4), the uppermost horizontal segment of the plot corresponding to θ2 = 0 provides a measure of
received power when the precoder is not applied and therefore
the comparative reduction in user-imparted power is signiﬁcant
around the 150◦ − 200◦ region in both cases. The similarity
of Figs.(3) and (4) conﬁrms repeatability, while the notable
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Fig. 7.

TABLE III
M EAN POWER WITH AND WITHOUT IMPLEMENTATION OF P.
Precoding
P12 = I (No precoding)
P12 (θ2 ) (Precoding)
P34 = I (No precoding)
P34 (θ2 ) (Precoding)

400

0
0

7

P12 = I (No precoding)

4
tMeas, [Mins]

5

6

7

8

Cumulative power.

VI. C ONCLUSIONS

Mean power, [mWatts]
39.9
3.99
43.1
3.6

contrast of these ﬁgures to Fig. (5) offers the reassurance
that P, if chosen in the same range of (150◦ − 200◦ ), should
not compromise the uplink to the access point to badly since
the drop in power is not in the same region. Given these
observations, it is now necessary to consider a choice of θ2 in
order to design P appropriately, which will be denoted P (θ2 )
and deﬁned:

In this work, a novel low complexity baseband precoder is
proposed that is designed based on an experimental approach
that was pertinent to a user scenario where a laptop user makes
an uplink to an access point in an indoor picocell environment.
A general framework for the design of P is given and results
based on the case where NT = 2 were presented. The results
indicate a ten-fold reduction in user exposure provided of
course that the user and the access point would not be colocated. The application of this precoder requires that identical
transmit samples appear on all transmit RF chains. As a result,
this procoder is suitable to be used in conjunction with signal
processing frameworks where (multiuser) uplink beamforming
is applied.

P (θ2 ) = arg min r (tMeas, θ2 ) .

VII. ACKNOWLEDGMENTS

(6)

θ2

Therefore, a search is performed over the data set in Figs.
(3) and (4) to ﬁnd P (θ2 ) with the result of this search
presented in Fig. (6).
Since P12 (θ2 ) and P34 (θ2 ) are quite similar sets, they
can be amalgamated into a common set and choice of θ2
determined as:
θ2 = Mean [{P12 (θ2 ) , P34 (θ2 )}] ,

(7)

where Mean [·] denotes the statistical mean and {·, ·} denotes the union of sets. On applying eqn.(7), θ2 is calculated
to be: θ2 = 196◦ as a rounded integer.
V. E XPOSURE REDUCTION
In order to determine the effectiveness of this choice of
θ2 and hence the implementation of P, the cumulative receive
power over time, tMeas , for both antenna pairs with and without
implementation of P is plotted in Fig. (7) and the mean power
over time, tMeas , again, with and without implementation of P
is given in Table. III. It should be noted that in the results that
follow, P (θ2 ) refers to the implementation of the precoder P
with appropriate choice of angle θ2 while setting P = I refers
to the conventional case without the precoder. Both Fig. (7)
and Table. III indicate a ten-fold reduction in user exposure.

This paper reports work undertaken in the context of the
project LEXNET. LEXNET is a project supported by the
European Commission in the 7th Framework Programme (GA
n◦ 318273). For further information, please visit www.lexnetproject.eu
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