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Abstract—We consider a two-ray channel model in which the
distance between transmitter and receiver is only known up to an
interval. Due to the unknown distance, destructive interference
might occur which significantly reduces the receive power. To
mitigate this problem, multiple frequencies can be used in parallel.
In this work, we consider a worst-case design approach which
allows maximizing the guaranteed quality of service (QoS) despite
the uncertainty about the channel. First, we derive the worst-case
receive power within the uncertainty region. Next, we compare
different approaches to assign frequencies to the user such that
the worst-case is maximized. We propose a greedy algorithm,
which significantly outperforms standard baseline schemes while
also being resource efficient. With this, the communication system
can be designed such that a certain performance can always be
guaranteed, and ultra-reliability is practically achieved.

I. INTRODUCTION

Many modern applications of wireless communications
require high reliability [1], [2]. This includes networks with
autonomous vehicles, e.g., self-driving cars and unmanned
aerial vehicles (UAVs). However, in many scenarios only
limited information about the state of the system is available,
e.g., the transmitter has no or only partial channel state
information (CSI), such as rough location information. In such
cases, it can be difficult to ensure a high reliability.

It has been observed and experimentally verified that negative
dependency between channel gains can significantly improve
reliability when only limited CSI is available [3]-[7]. The basic
idea is to establish diversity and ensure that always at least
one communication link is available. In this work, we will
apply this idea to assign frequencies in a multi-carrier system
such that the worst-case performance is improved and, thus, a
certain quality of service (QoS) can always be guaranteed.

Throughout this work, we assume a two-ray model, in
which only a line-of-sight (LoS) connection and one significant
multipath component exist. This second component could be
caused by a single reflection on the ground, e.g., in flat outdoor
terrain [8], on large concrete areas, e.g., airports [9], and for
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a UAV flying above water [10]-[12]. At higher frequencies,
the multi-path channels become increasingly sparse [13] and
it has been observed that this model is appropriate for high
frequency bands like millimeter wave (mmWave) [14]-[18].

The recent trend joint communications and sensing (JCAS)
for 6G wireless networks allows a system to obtain location
information for terminals [19]. In the case of the two-ray model,
this localization information is an estimation of the distance
between transmitter and receiver and can be exploited as partial
CSI. However, the estimation is not perfect and is modeled
by an uncertainty interval. Besides using JCAS, the distance
interval could also be obtained from geographic information,
e.g., from GPS information or if it is known that the receiver
is within a certain area.

When varying the distance between transmitter and receiver,
the relative phase of the two received signal components
varies and they may interfere constructively or destructively. A
destructive interference causes a drop of receive power, which
in turn could cause an outage of the communication link. In
order to mitigate drops of the signal power on one frequency,
multiple frequencies are used in parallel. In [20], it is analyzed
and experimentally verified that frequency diversity improves
the performance of distance measurements in outdoor ground
reflection scenarios. Instead of using multiple frequencies in
parallel, it was shown experimentally in [9] that using multiple
antennas and carefully choosing the spacing between them can
also improve the received power.

In order to achieve a reliable connection between transmitter
and receiver despite the uncertainty about the distance, we
consider a worst-case design. With this, the communication
system can be designed such that a certain performance
can always be guaranteed, even in the worst case. Similar
scenarios have been considered in [21] and [22]. However,
in these previous works, only two parallel frequencies were
considered and their spacing was optimized, whereas we allow
an arbitrary number of parallel frequencies in this work. In
addition to this, we consider different solution algorithms to
assign frequencies to a user. Furthermore, we show that the
presented results hold both for maximum ratio combining
(MRC) and selection combining (SC). The results presented
in this work can enable ultra-reliability without the need for
perfect CSI at the transmitter.



Our main contributions and the outline of the paper are
summarized as follows.

o We analyze the received power and derive a worst-case
bound for the considered two-ray scenario with location
uncertainty, when multiple frequencies are employed in
parallel and MRC is used. (Section III)

o We show that the derived results for MRC also provide
a valid worst-case design for the case that SC is used at
the receiver. (Section IV)

o We compare multiple algorithms for assigning subcarrier
frequencies such that the worst-case receive power is
maximized. We propose a greedy algorithm, which out-
performs all standard baseline algorithms in our numerical
evaluations. (Section V)

Notation: In order to simplify the notation, we will omit
variables on which functions depend when their value is clear
from the context, e.g., we will write f(z) instead of f(x,y)
when the value of y is fixed. Since the angular frequency
w = 27 f is a simple scaling of the frequency f, we will treat
them somewhat interchangeably. Especially for calculations,
it is more convenient to use w, while f is relevant for actual
system design. We will therefore use the frequency f for the
numerical examples while expressing all formulas in terms of
the angular frequency w.

II. SYSTEM MODEL AND PROBLEM FORMULATION

In this work, we consider the classical two-ray ground
reflection model [23, Chap. 4.6]. The propagation environment
in this scenario is approximated as a plane reflecting ground
surface. A single-antenna transmitter is placed at height hry
above the ground. The single-antenna receiver is located at
height hgy at a distance d. This geometrical model is depicted
in Figure 1. The setup shows that the signal propagation to
the receiver occurs through two separate paths. There is a LoS
propagation with path length /. Additionally, the signal reflects
off the ground, creating a second path. The total length of the
second path is l. Finally, these two components superimpose
at the receiver. The path lengths can be calculated based on
basic trigonometric considerations as

0% = (hry — hpy)> +d*> and 2 = (hp + hry)? +d2. (1)

When transmitting on a single frequency w; = 2n f;, the
received power Pg ; at distance d is given as [3, Eq. (2)], [23]

Pr.i(d,ws; by, hey, Pr;) =

P (C 11 2 Wi, )
T,i QTJZ ?24'?2—?@005[?( - )} , @)

with the transmit power Pr; on angular frequency w;, and the
speed of light c. Throughout this work, we assume a perfectly
reflecting ground, since it has been shown in [22, Prop. 1] that
this creates the worst destructive interference for this model
and is therefore an appropriate assumption for the worst-case
design that we are considering in this work.

It is well-known that the interference between the two
components at the receiver can be either constructive or
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Figure 1. Geometrical model of the considered two-ray ground reflection
scenario. The transmitter is placed at height htx above the ground. The receiver
is located at height hry at a (ground) distance d away from the transmitter.
The LoS path and reflection path have lengths £ and ¢, respectively.

destructive, depending on the distance d. This results in local
minima of the receive power at certain distances, which in turn
can lead to outages in the transmission. Multiple frequencies
can be used in parallel to mitigate the receive power drops.
The exact problem formulation is given in the following.

A. Problem Formulation

Throughout the following, we will consider a two-ray ground
reflection scenario as described above. The distance between
transmitter and receiver d varies and is known only up to
an interval, i.e., d € [dmin,dmax]- In order to ensure a high
reception quality at any distance within the interval, the
transmitter employs multiple frequencies fo, f1,..., fn—1 as
subcarriers such that we can compensate for possible destructive
interference of the two rays. This leads to the following
challenge.

Problem 1. Find a frequency assignment that maximizes the
worst-case receive power in the distance interval [dpmin, dmax]
when the receiver is employing MRC. This optimization
problem can be formulated as

max min
W0,y WN -1 d€[dmin,dmax]

Ps(d,UJO,.‘.,wal), (3)
where Ps(d,wo,...,wn_1) = Song' Pri(d,w;) is the re-

ceived sum power based on (2).

Similarly, the receiver can use SC, in which only the strongest
component is used, i.e., the total receive power is then given
as [24]

max
i=0,1,...,N—

PSC(d7w07"'7wN—1): IPR7i(d,wi). (4)
This leads to the following second problem that will be

addressed in this work.

Problem 2. Find a worst-case frequency assignment for the
described communication system if the receiver uses SC.

We address the above problems with the following three
steps. 1) In Section III, we derive the minimum receive power
in a given distance interval for fixed frequencies and MRC
at the receiver. 2) We generalize the results for MRC to SC
in Section IV. 3) Next, we present methods in Section V to
assign frequencies to maximize the minimum receive power.



ITI. WORST-CASE RECEIVE POWER

We start with addressing Problem 1 and the assumption that
the receiver uses MRC, i.e., we consider the receive power
to be the sum power Ps throughout this section. As a first
step to solve problem (3), we calculate a worst-case power for
the given distance interval [dyin, dmax]. In order to allow for
tractable calculations, we replace the actual receive power Ps
by a tight lower bound Ps. This will still yield a valid worst-
case bound, since

min

Ps(d) >
de[dmimdmmx] S( )

Ps(d
sepin  Bs(d).

(&)

In the following, we derive a tight lower bound FPs and show
how the worst-case receive power in (5) can be efficiently
computed.

In this work, we assume equal power allocation over all
frequencies, i.e., we have Pr; = Pr/N. With this, we get the
total receive power Ps as

N-1
Pr sc\2 1 1 1 2 Wi~
N (5) ;w? (€2+Z2_@COS C(Z_Z))'
(6)

A tight lower bound on this achieved received sum power is
presented in the following lemma.

Ps =

Lemma 1 (Lower Bound on the Total Receive Power).
For the described two-ray ground reflection model using
frequencies wqy, w1, ...,wN_1 in parallel, the received (sum)
power Ps from (6) is lower bounded by (7) at the bottom of
this page.

Proof Sketch. The lower bound Ps is calculated as the (lower)
envelope of Ps, which is given as the absolute value of its
analytic function [25]. This can be calculated using the Hilbert
transform of the oscillating part in (6).

Throughout the following, we assume a uniform spacing
between all possible subcarrier frequencies f; with frequency
spacing Af > 0, i.e.,

fi = fo +iAf, (8)

First, this assumption reflects most current standards, in
which the subcarriers are equally spaced. Furthermore, when
considering a small spacing A f and a large number of available
frequencies IV, this model can be used to approximate the case
of continuous frequencies.

Under this assumption, we can calculate the worst-case
receive power within distance interval [dyin, dmax] as follows.
The minimum sum power will occur either on the boundaries
(dmin OF dimax), Or at a local minimum of Ps within [dmin, dmax),

i=0,1,...,N—1.

where the components interfere destructively. Destructive
interference occurs when the oscillating term under the square
root in (7) is maximal. With the uniform frequency spacing
from (8), we can reformulate this oscillating part as

=1 Ni:l cos ((w —wj)ic")
— +2 O]
4 2,2
—0 i i=0 j<i Wi Wj
N—1N-1 Ccos (( ~Z )
-y )
2,2
i=0 j5=0 Wi J
N-1
= ancos(nt) (11)
n=0

where we use the shorthand ¢ = Aw(f — ¢)/c and introduce
the variable n = |i — j| to describe the difference between the
individual frequencies. The coefficients a,, are therefore given

as
1
=
22’

we
jimjl=n 03

N-—-1.

i,j=0,..., (12)

This leads to the following proposition.

Proposition 1. The oscillating part (9) in the lower bound Ps
has the form of a Fourier series as shown in (11) and (12).

This fact can be used to calculate the distances at which
destructive interference occurs.

Lemma 2. The distances dy, at which local maxima and minima
of the oscillating part (9) of the lower bound Ps occur, are
calculated as

20/,

(13)

with Aly, = ct/Aw and ty, being the solutions of the equation
N-1
Z by, sin(nty) =0
n=1

with b, = —na,,.

Proof. In order to find the distances at which local maxima
and minima of (9) occur, we need to calculate the zeros of the
first derivative. Based on (11), this derivative is given as

Z nay, sin(nt) Z by, sin(nt),

(14)
with coefficients b,, = —na,,. With the definitions of ¢, ¢,
and ¢, the critical distances dj can be calculated according
to (13). O

N-1
En Z ancos nt

Ps(d, wo,wi, ... ,wN—1;hrx, hrx, Pr) =

6|25

1 1 ) 5 | V-1 4 N 2N—1 cos ((wi - wj)ezz)
2 2l oA 2 2
¢ 2 et im0 Wi i=0 j<i Wi wj



Algorithm 1 Procedure to Calculate the Zeros of (14)
1: function CALCULATECRITICALDISTANCES(w, Aw, dmin,

dmam th» th)
Calculate coefficients a,, and b,,

/I According to (12)
Construct Fourier-Frobenius matrix B // [26, Eq. (9)]
2z, = EIGENVALUES(B)

tr = arg zx, + 2mm — jlog|zk|, m € Z // [26, Eq. (10)]
Al = ctk/Aw

A = /A3, — AE)ARE, — AB)/(2A0)

return di € [dimin, dmax)

D A LN

end function

Proposition 2. The zeros of (14) can be efficiently calculated
numerically by computing the eigenvalues of the Fourier-
Frobenius matrix according to [26, Thm. 2].

A summary of how the critical distances dj, can be calculated
is presented in Algorithm 1. An implementation is made
publicly available at [27].

By combining Proposition 1, Lemma 2, and Proposition 2,
we can derive the following theorem, which allows us to
calculate the worst-case receive power in the distance interval.

Theorem 1 (Worst-Case Receive Power). For the con-
sidered two-ray ground reflection system using frequen-
cies wy, w1, . .. ,wWN_1 in parallel, the worst-case receive power
within the distance interval [duyin, dmax] is given by

dE[‘IiTnlilijldmmx] L5 = min {&(dmin)’&(dmax)’ Ds(dy) ‘

dk: S (dminadmax)} (15)

where Ps is given according to (7) and dj; € (dmin, dmax) can
be calculated according to Algorithm 1.

Remark 1. While Algorithm 1 also returns the distances at
which local maxima occur, it is not necessary to filter them out.
While this could be done using the second derivative of (11),
this computational effort can also be spent on calculating
the lower bound Ps(dy) at these distances. When taking
the minimum of all values in (15), the local maxima are
automatically discarded. Alternatively, one could evaluate the
second derivative only for the first critical distance since local
minima and maxima alternate.

Example 1. The application of Theorem 1 is illustrated by
the following numerical example. We consider a communi-
cation system with parameters hry = 10m, hgy = 1.5m,
fo = 8 GHz, f; = 8.8 GHz, and fy = 9.6 GHz, ie., Af =
800 MHz and N = 3. The distance d between transmitter
and receiver is between dn, = 35m and dp,x = 85m.
Using Algorithm 1, the critical distances dj where local
maxima and minima occur are calculated to d; = 38.7m,
do = 47.0m, d3 = 52.4m, dy = 59.1m, and d5 = 79.4m.
Local minima are found at distances dy, dz, and ds. The
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Figure 2. Sum power Ps and its lower bound Ps for parameters htx = 10 m,
hrx = 1.5m, fo = 8 GHz, f1 = 8.8 GHz, and fo = 9.6 GHz. The dashed
lines indicate the critical distances dj between dyi, = 35 m and dmax = 85 m.
The global minimum of Ps in [dpin, dmax] is around —136 dB. (Example 1)

receive power Ps together with its lower bound FPs and the
corresponding values of dj, are shown in Figure 2. The global
minimum within the distance interval [diin, dmax] 18 calculated
according to (15). It is achieved at d5 with a value of around
Ps(ds) = —136 dB. The value of the actual receive power at
ds is also Ps(ds) = —136 dB, illustrating the tightness of the
bound.

Remark 2. Tt should be noted that it is not necessary to use
only consecutive frequencies. The Fourier series approach from
Lemma 2 can still be used with non-consecutive frequencies
by setting the corresponding coefficients to zero. Consider
an example which uses three frequencies fy = 5 GHz, f; =
6 GHz, and fo = 8 GHz. While those frequencies are not
uniformly spaced, we can use Af = 1 GHz as an underlying
frequency spacing and set the coefficient corresponding to
f = 7GHz to zero. This leads to valid Fourier coefficients a,,
and b,,, and Algorithm 1 can still be applied using this adapted
calculation of a,, and b,, in Line 2.

IV. WORST-CASE DESIGN FOR SELECTION COMBINING

After considering the worst-case power for the system when
the receiver employs MRC, we now shift our focus to SC. SC is
a diversity combining technique, in which the receiver only uses
the strongest component [24]. In our case, this corresponds
to only using the frequency among the N subcarriers that
achieves the highest receive power, i.e., the total receive power
at distance d is given as

Psc(d, woy .. ,wN_l) = maxPRﬂ-(d, wi) .

One advantage is its simplicity as it requires less complex
synchronization compared to MRC.

In order to derive a worst-case design for SC, we establish
the following relation between the total receive power Psc for
SC and the total receive power Ps for MRC, which we have
considered in the previous section.



Theorem 2 (Worst-Case Receive Power Selection Combining).
Consider the previously described two-ray ground reflection
system that is using N frequencies in parallel. The receiver
employs SC. For this system, the total receive power Psc can be
lower bounded using the sum power Ps and its lower bound Ps
by the following relation

1 1
Psc(d) > Nps(d) > N&(d)' (16)

Proof. As a base for the proof, we use Holder’s inequality [28,
Thm. 13]
19l < 1 pllgllq -

with p, g € [1, o0], %+ % =1,and f,g € RM. Setting p = oo
and ¢ = 1 yields

N N
> Ifigil < max|fil - > lail,
i=1 =1

where we have additionally used the expressions for the
maximum norm || f||s and Manhattan norm ||g||;. Next, we
set f = (PR70, PR72, ey PR7N_1)T and g = (1, 1, ey I)T, for
which by Holder’s inequality the following holds

a7

(18)

N-1
Z PRJ' S Nmax PR,i .
%

=0

19)

Rearranging this expression and combining it with the defi-
nitions of the sum power FPs in the case of MRC, its lower
bound Ps, and Psc in the case of SC yields (16). ]

The result of Theorem 2 is important because it can be used
to establish the usefulness of frequency assignment schemes
for both MRC and SC simultaneously. This connection will
be discussed further in the following section.

V. FREQUENCY ASSIGNMENT FOR WORST-CASE DESIGN

Using Theorem 1 from Section III, we can calculate
the worst-case receive power for a given set of assigned
frequencies. In this section, we compare different approaches
to assign frequencies such that the worst-case receive power
is maximized.

In this section, we consider the scenario that the frequency
spacing Af cannot be freely changed, but a fixed set of
N available frequencies is given. For this set, we still assume
an equal spacing according to (8). However, we now aim to
assign K out of the N frequencies to the user, 0 < K < N,
such that the worst-case receive power is maximized.

Since this is a non-linear combinatorial optimization problem,
we compare different numerical solution algorithms. However,
due to the complexity of the problem, it should be noted that
it is infeasible to find the global optimum for practical values
of K and N as there are (}) ways to select K out of the N
frequencies.

Since Theorem 1 applies specifically to MRC at the receiver,
we establish in the following corollary that the frequency
allocation schemes for worst-case design of MRC systems
are also valid for SC. Therefore, all results presented in this
section apply to both MRC and SC (up to a scaling factor).

fo fi fo f3 fa fs fn-1
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Figure 3. Exemplary illustration of the different frequency assignment schemes.
In this case, K = 4 out of N frequencies are assigned to the user. In the
consecutive scheme, the first K frequencies are assigned. In the random
scheme, K frequencies are randomly selected, and in the uniform scheme,
the K frequencies are uniformly spaced over all [N available frequencies.
As an additional baseline comparison, we use the case that only the single
frequency fo is used.

Corollary 1. Frequency assignment schemes for worst-case
design of MRC systems are also applicable for SC at the
receiver. While the same frequency assignment can be used,
the final receive power Psc for SC is scaled by the factor 1/ K
compared to the sum power Ps for MRC.

Proof. From Theorem 2, we know that 1/K - Ps is a lower
bound on the receive power Psc for SC. A frequency as-
signment that maximizes Ps therefore also maximizes a lower
bound of Psc as the constant 1/K is not part of the optimization
variable and only scales the final solution. O

A. Frequency Assignment Schemes

In the following, we compare four different frequency
assignment algorithms. An illustration of the different baseline
schemes is shown in Figure 3. As a comparison, we also
calculate the worst-case receive power for the single frequency
case, when only fy is used.
1) Greedy Algorithm: The first assignment algorithm is
a greedy algorithm, which performs K iterations. In
each step, the frequency, which maximizes the worst-
case receive power when added, is added to the set of
assigned frequencies. A detailed description is given as
Algorithm 2.

2) Random Assignment: As a simple comparison, we use a
random allocation, where K out of the N available fre-
quencies are randomly selected with uniform probability.

Algorithm 2 Greedy Frequency Assignment Algorithm
1: function GREEDYASSIGN(w, Aw, dmin, @max> Arxs Arx)

22 A=0 // Initialize assigned frequencies .4
3 k=1 /I Initialize iteration counter
4. while k£ < K do

5: f*) = arg max p, Minge|(d,, du] 25(d; AU {fi})

6 A=AU{f®} // Add best frequency
7 k=k+1 // Increment counter
8 end while

9:  return A

10: end function




Table T
WORST-CASE RECEIVE POWER FOR DIFFERENT FREQUENCY ASSIGNMENT ALGORITHMS FOR EXEMPLARY SYSTEM PARAMETERS. THE ALGORITHMS

ASSIGN K OUT OF N FREQUENCIES FROM THE FREQUENCY SET { fo +iAf | i =0,1,...

, N — 1}. THE FIXED PARAMETERS FOR ALL EVALUATED

SCENARIOS ARE fo = 26.5 GHz, htx = 10 m, AND hrx = 1.5 m. FOR COMPARISON, THE SCENARIO WITH ONLY THE SINGLE FREQUENCY fo IS SHOWN.

N AfMHz] K  dpin[m]  dmax[m] \ Greedy [dB] Random [dB]  Consecutive [dB]  Uniform [dB]  Single [dB]
300 10 16 35 40 —90.5 —91.8 —96.6 —-90.9 —128.0
300 10 16 90 100 —98.4 —99.6 —111.8 —98.5 —150.9
300 10 16 150 200 —104.3 —106.1 —123.8 —105.4 —168.0
300 10 8 150 200 —104.3 —106.6 —129.8 —105.4 —168.0
300 10 32 150 200 —104.3 —105.7 —117.8 —105.4 —168.0

60 50 16 90 100 —98.4 —99.4 —99.3 —98.4 —150.9
400 1 16 90 100 —99.7 —104.6 —131.7 —104.2 —150.9

3333 0.12 8 90 100 —99.7 —105.2 —150.2 —104.2 —150.9

3) Consecutive Frequencies: Another simple approach is

to assign a block of consecutive frequencies to the user.

For this baseline scheme, the user is assigned the first
K frequencies, i.e., fo, f1,--., fKk—1-

Uniform Frequencies: As a final comparison, we assign
frequencies, which are uniformly spaced over all N
available frequencies, i.e., every [N/K|-th frequency
is assigned to the user.

4)

B. Numerical Evaluation

We have evaluated all four frequency assignment schemes
in various numerical simulations. For the frequency band, we
have used the n257 band from the 5G NR frequency range 2
(26.5 GHz to 29.5 GHz) [29]. The results for all parameter
constellations can be found in Table I. For each algorithm,
the worst-case receive POWer Minge(d,,,dumy] s 1 shown,
i.e., higher values correspond to a better performance. For
comparison, we additionally show the values for the case that
only a single frequency fj is used. For the random assignment,
the average of 250 runs for each parameter combination is
reported. The source code to reproduce all of the results can
be found in [27].

First, it can be seen that the greedy algorithm outperforms the
other assignment schemes in every evaluated scenario. When
the overall frequency band, from which the frequencies can be
assigned, is wide, the uniform scheme performs close to the
greedy algorithm. In Table I, this can be seen from the first
lines, where the overall frequency band is the full 3 GHz and
the performance of the advantage of the greedy algorithm over
the uniform scheme is only up to around 1dB.

However, in the case that the frequency band is narrow,
the greedy algorithm significantly outperforms all schemes.
In Table I, this corresponds to the last two lines where
the overall frequency range is only a single channel with
a bandwidth of 400MHz. In those cases, the greedy
algorithm demonstrates an improvement of more than
4dB over the uniform scheme and more than 30dB over
the consecutive frequency assignment. This performance
improvement comes at the cost of a higher complexity.
While all baseline algorithms do not require any computation
of the worst-case power to generate the set of assigned
frequencies, the greedy algorithm with its K iterations needs

N+(N-1)+-+(N-K+1)=1(K@2N - K +1))
calculations of the worst-case power according to (15).
However, for practical values of N and K, this is an
acceptable level of required computations.

Furthermore, it can be seen that the results for K = 8§,
K 16, and K 32 are identical for the greedy as-
signment when all other parameters are fixed to N = 300,
Af = 10MHz, dy,, = 150m, and dpa = 200m. Thus,
adding more frequencies does not necessarily improve the
worst-case receive power. It would therefore be sufficient to
only assign K = 8 carriers without degrading the worst-case
performance and leaving more frequencies available for other
users and simultaneously requiring less computations for the
greedy assignment.

Finally, it should be noted that all evaluated frequency
assignment schemes significantly improve the performance
over using only the single frequency fy. Even when only
K 8 consecutive frequencies are used in parallel, a
worst-case improvement of almost 40dB is achieved for the
scenario with N = 300, Af = 10 MHz, dy,, = 150m, and
dmax = 200m. Using the greedy algorithm, this improvement
is further increased to more than 60 dB over using only a single
frequency.

The results reported in Table I correspond to the worst-
case sum power for MRC from Theorem 1. According to
Corollary 1, the worst-case receive power values for SC are
shifted by —10log,,(K’) dB. For instance, the receive power
for the greedy assignment would be —108.7 dB in the last line
of Table I for SC at the receiver.

VI. CONCLUSION

In this work, we have revisited the classical two-ray model
and provided a new design approach using frequency diversity
for scenarios with only partial channel state information, such
that a certain QoS can always be guaranteed despite the
uncertainty about the channel. We have derived the worst-case
receive power for a given set of frequencies and compared
multiple algorithms to assign frequencies such that the worst-
case power is maximized. Additionally, we have shown that
our approach is applicable to both MRC and SC at the receiver.

Besides being able to guarantee a certain QoS level, even in
the worst case, the proposed approach is resource efficient. In



particular, our results show that adding more frequencies has a
diminishing value. Thus, good performance can be achieved by
assigning only a small number of less than ten frequencies to a
single user, leaving more frequencies to be used by other users.
Based on this, the optimization of the frequency assignment
to multiple users arises as an extension for future work. Apart
from maximizing the worst-case receive power of multiple
users, other problems remain open. This includes the extension
to more than two multi-path components and the optimization
of the frequency spacing Af.
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