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Abstract—We study the performance of multi-hop networks links are considered as separate links and the RF link acts
composed of millimeter wave (MMW)-based radio frequency as a backup when the FSO link is down, e.g., [1]-[3], or the
(RF) and free-space optical (FSO) links. The results are obfned  |i\ks are combined to improve the system performance [4]-[6

in the cases with and without hybrid automatic repeat reques Al the impl tati f hvbrid aut ; t
(HARQ). Taking the MMW characteristics of the RF links into so, the implementation of hybrid automatic repeat reques

account, we derive closed-form expressions for the networkut- (HARQ) in RF-FSO links has been considered in [6]-[8].
age probability. We also evaluate the effect of various pamaeters The second group are the papers studying the performance
such as power amplifiers efficiency, number of antennas as wel of muylti-hop RF-FSO networks. For instance, [9] analyzes

as different coherence times of the RF and the FSO links on the . . .
system performance. Finally, we present mappings betweerné decode-and-forward techniques in multiuser relay netaork

performance of RF-FSO multi-hop networks and the ones using USing RF-FSO. Then, [10], [11] study RF-FSO based relaying
only the RF- or the FSO-based communication, in the sense tha With an RF source-relay link and an FSO or RF-FSO relay-

with appropriate parameter settings the same outage probality  destination link. Also, considering Rayleigh fading cdrafis
is achieved in these setups. The results show the efficiency ogr the RE link and amplify-and-forward relaying technigue

the RF-FSO setups in different conditions. Moreover, the HRQ [12], [13] derive the end-to-end error probability of the RF
can effectively improve the outage probability/energy effiiency, ! .
and compensate the effect of hardware impairments in RF-FSO FSO based setups and compare the system performance with
networks. For common parameter settings of the RF-FSO dual- RF-based relay networks, respectively. Finally, the inipac
hop networks, outage probability 10~* and code rate3 nats-per-  of pointing errors on the performance of dual-hop RF-FSO
channel-use, the implementation of HARQ with a maximum of systems is studied in [14], [15].

2 and 3 retransmissions reduces the required power, compared
to the cases with no HARQ, by13 and 17 dB, respectively.

I. INTRODUCTION

In this paper, we analyze the performance of multi-hop RF-
FSO systems from an information theoretic point of view.
Considering the MMW characteristics of the RF links and

To address the demands on the next generation of wirelggserodyne detection technique in the FSO links, we derive
networks, a combination of different techniques are consiglosed-form expressions for the system outage probability
ered among which free-space optical (FSO) communicatigtemmas 1-3). Our results are obtained for the decode-and-
is very promising [1]. FSO systems provide fiber-like datprward relaying approach in different cases with and witho
rates through the atmosphere using lasers or light emittiBghRQ. Specifically, we show the HARQ as an effective
diodes (LEDs). Thus, FSO can be used for a wide range gthnique to compensate for the imperfect properties of the
applications such as last-mile access, back-hauling arnt- MURF-FSO system and to improve the network reliability/egerg
hop networks. In the radio frequency (RF) domain, on th&ficiency. Finally, we present mappings between the perfor
other hand, it has been recently concentrated on mi”ime‘ﬂl'ance of RF- and FSO-based hops (Coro"ary ]_), and ana|yze
wave (MMW) communication as a key enabler to obtain sufhe effect of various parameters such as the power amplifiers
ficiently large bandwidths so that it is possible to achieatad (PAs) efficiency, different coherence times of the links and
rates comparable to those in the FSO links. In this way, th@mber of antennas on the network outage probability.
combination of FSO and MMW-based RF links is considered a5 opposed to [1]-[8], we consider multi-hop systems.
as a powerful candidate for high-rate reliable communocati A|so, our paper is different from [1]-[15] because our ataly
in, e.g., vehicle- and infrastructure-to-infrastructoggworks. jcal/numerical results on the outage probability as welbas
This is particularly interesting because, as we show inée f giscussions on the effect of imperfect PAs and HARQ have not
lowing, with proper parameter settings the outage proligbilheen presented before. The differences in the problem formu
of the RF-FSO networks can be mapped to the ones in agon and the channel model makes our analytical/numierica
cases with only the RF- or the FSO-based communicationresults as well as our conclusions completely differentrfro

The RF-FSO related works can be divided into two catgne ones in the literature.
gories. The first group are papers on single-hop setups wherey, results show that there are mappings between the
the link reliability is improved via t.he joint implementati o formance of RE-FSO multi-hop networks and the ones
of RF and FSO systems. Here, either the RF and the F3Qng only the RF- or the FSO-based communication, in the
978-1-4799-5863-4/14/$31.00)2014 |IEEE sense that with proper scaling of the channel parameters the



same outage probability is achieved in these setups (@oyollHere, P;, P/"® and P°" Vi, are the output, the maximum
1). While the outage probability is sensitive to the numbler @utput and the consumed power in each antenna ofithe
RF-based transmit antennas for short codewords, the out#iydiop, respectivelys; € [0, 1] denotes the maximum power
probability reduction due to increasing the number of amésn efficiency achieved ab; = PM* andv; € [0, 1] is a parameter

is negligible for the cases with long codewords. The PAdepending on the PA classes.

efficiency affects the network outage probability consididy. The FSO links, on the other hand, are assumed to have
However, the HARQ protocols can effectively compensate tlstngle transmit/receive terminals. Reviewing the literatand
effect of hardware impairments. Finally, the HARQ improvedepending on the channel condition, the FSO link may follow
the outage probability/energy efficiency significantlyr kio-  different distributions. Here, we present the results fog t
stance, consider common parameter settings of the RF-F&3es with exponential and Gamma-Gamma distributions of
dual-hop networks, outage probabilitp—* and code rate the FSO links. For the exponential distribution of thtéh FSO
nats-per-channel-use (npcu). Then, compared to the cates wop, the channel gai6/; follows

open-loop communication, the implementation of HARQ with fe, (z) = Nie~NT V5 (4)
a maximum of2 and 3 retransmissions reduces the required _ o
power by13 and 17 dB, respectively. with )\; being the long-term channel coefficient of the

th, ¢ = 1,...,7, hop. Moreover, with the Gamma-Gamma
distribution we have

Il. SYSTEM MODEL

Consider aT™®-hop RF-FSO system, witl" RF-based o) Hrt
hops andl” = 7' — 7' FSO-based hops. As seen in the f; (z) = Hab) >
following, the outage probability is independent of the eard ' ['(a:)L'(b:)
of the hops. Thus, we do not need to specify the order Blere, K,,(-) denotes the modified Bessel function of the
the RF- and FSO-based hops. Theh, i = 1,...,T, RF- second kind of order andT'(z) = [~ u® ‘e “du is the

T, (2 ab:r) Vi. (5)

based hop uses a multiple-input-single-output (MISO) set@amma function. Also,a; and b;,i = 1,...,T, are the
with N; transmit antennas. We define the channel gains @stribution shaping parameters which can be expressed as
gi" = |h'1?i=1,...,T,5i = 1,...,N;, whereh]' is the functions of Rytov variance, e.g., [8].

complex fading coefficients of the channel between thth 5 pata Transmission Mode

antenna in theé-th hop and its corresponding receive antenna. ) ,
Here, we present the analytical results for the Rician cahnn Ve consider the decode-and-forward technique where at

model of the RF-based hops, which is an appropriate model fif#ch nop the received message is decoded and re-encoded,
near line-of-sight conditions and has been well estabtishe 'f It IS correctly decoded. Thus, the message is succegsiull
different millimeter wave-based applications, e.g., [168]. recelve_d by the destination if it is correctly dech_ed irhalps.

Let us denote the probability density function (PDF) and tHgtherwise, outage occurs. As the most promising HARQ ap-
cumulative distribution function (CDF) of a random variabl Proach leading to lowest outage probability [21], we coesid

X by fx(-) and Fx (-), respectively. With a Rician model, thethe incremental redundancy (INR) HARQ with a maximum

channel gainy’*, Vi, ji. follows the PDF of M; retransmissions in the-th, i = 1,...,T‘°‘a',_ hop.
! (Ki + 1)e 5 Using INR HARQ with a maximum of}/; retransmissions,
fgff"' (x) = TX ¢; information nats are encoded into a codeword of length
! M;L channel uses. Then, the codeword is divided infg
,(ngl 5 Ki(K; + 1)z Vi i 1 sub-codewords of length channel uses which are sent in the
e 7l Q »V Ji (1) successive retransmissions. Thus, the equivalent dataatat

the end of roundn is -1%- = % npcu whereR; = 4 denotes
whereK; and(; denote the fading parameters in thth hop the initial code rate in the-th hop. In each round, the data
andlr,(-) is then-th order modified Bessel function of the firstis decoded based on all sub-codewords received up to the end
kind. Also, the sum channel gaifi; = Z?{;l g!* follows of that round. The retransmission continues until the ngssa
' is correctly decoded or the maximum permitted transmission

N;—1
. —K;N; ) 3
fo,(x) = (Ki + 36 ((K'L + 1)30) X round is reached. Finally, note that setting = 1, Vi, repre-

KiNill sents the cases without HARQ, i.e., open-loop communicatio
_ (Ki+De K K 1 N
e m Iy |2 i LJ )Nix Vi, () I1l. ANALYTICAL RESULTS
7

Considering the decode-and-forward approach and because
Finally, to take the non-ideal hardware into account, \A)#depet?]dent ihannel reaI|zatt|:)onb§|_?rg ex_penet? ced inrerte

consider the state-of-the-art model for the PA efficiencgreh ops, the system outage pTro abiiity |sTg|ven y

the output power at each antenna of tkta hop is determined Pr(Outage = 1 — 1— o 1—a.). 6

according to [19, eq. (3)], [20, eq. (1)] r (Outage I« Q%)l;[( i) (6)

i=1 1=1

Pz‘ Pi Z-P,CO”S ‘ _ o )
poons = €i <Pmax) = P = "%/ (Epmw,vz. (3) Here,¢; and¢; denote the outage probability in theh RF-
@ @ i i i and FSO-based hops, respectively. Thus, to analyze thgeuta



probability, we need to fing; and¢;, Vi. Following the same vi=pi— (2,
procedure as in, e.g., [21] and using the properties of the o0

imperfect PAs (3), the outage probability of thth RF- and /i = / z°f g (z)dz
FSO-based hops are obtained as

1 K; 1)eKi o _ Ktz K;(K; 1
¢; = Pr MO X = %/ e Iy |2 % dz,
L) i 0 i
i mC; ]_0)
e, oS R (
> 5 (o) < n) | |
m=1c=(m—1)C;+1 i )i i respectively.  Then, using the variable transform
(7 t = v, some manipulations ar21d 2the properties of
and ) the Bessel functio2n w fo an e T2 I (%)de =
¢i =Pr Y b*2:T (14 %)L (*C ) Ve, b, n, the mean and the variance
Cf ¢, v? are determined as stated in the lemma. O

' R;
Z Z log (1 + P,Gi(c )) ﬁ) (8) Lemma 2: The outage probability (7) is approximated by
m=1 c=(m—1)C;+1 (15) with fi; and? given in (12)-(13), respectively.

respectively. Here/,DZ represents the transmission power in th
i-th, i = 1,...,T, FSO-based hop and we have consider mCi <, P
heterodyne detectlon technique in (8). Al§g,i =1,...,T, 7% c Z e=(m—1)C;+1 108 (1 + Y WG (C))
andC;,i =1,...,T, represent the number of channel reallzeby its equalent CLT-based Gaussian random’ variable
tions experlenced in each HARQ-based transmission roundlof ~ N ( i, SYRen C ) the probability (7) is approximated
the i-th RF- and FSO-based hops, respectively (for simplicitisy

we present the results for the cases with normalized symbol

rates. Using the same approach as in [5], it is straightfoohiam ¢; ~ Pr (u
represent the results with different symbol rates of thks)n

In the sequel, we present closed-form expressions for ({)qqre

(8), and, consequently, (6). Here, we concentrate on thescas
with long codewords where multiple channel realizatiors ar 00 €; Peons
experienced during data transmission in each hop,Gieand ~ #i = /0 log [ 1+ '7% (e fe,(x)dz
C;, Vi, are assumed to be large. For performance comparison

%oof Replacmg the random variable

) uwN(ﬂi,M%O&?), (11)

§|bv

in the cases with short and long codewords, see Fig. 4. Indeed ‘¥ b Vi(z)fz, (x)dz

to find the expressions, we need to implement approximation 0 '

techniques. However, as seen in Section 1V, the analytical €; Peons

results mimic the numerical results with high accuracy. =9Q < Y (Pmax)ﬁ’o , NiGiy Niv?, )

To approximate (7), we first represent an approximation for
the PDF of the sum channel gair;, Vi, as follows. 0 €; PFOns
Lemma 1. For moderate/large number of antennas, which (plmaX)f’
is of interest in MMW communication, the sum gai#, Vi, 9
is approximated by an equivalent Gaussian random variable +Q (T“H = ridi, NiGi, Nivy, OO)

OvNiCi;Nin'Qv())

Z;~ N(NL'Q, NL'VE) with C,' = Si(Q), VZ-Q = St(4) — Si(2)2 -Q (Tiv 0 — Tidi; NiC’ia NiViQa Si) )
andS;(n) = (Kﬁl) T (14 %) L2 (—K;). Here,L,,(z) = Q(a1, a2, a3, as, )
xT n ¢ i . o - 5
& 4= (e*2™) denotes the Laguerre polynomial of theth L _maztas <a3 $> B %aleJ 3-2) 12
order andK;, Q2; are the fading parameters as defined in (1). 2 V2aq 27
Proof. Using central limit Theorem (CLT) for moderate/large.'ﬁnd
number of antennas, the random variable = Z;\fizlgg% o AQ
is approximated by the Gaussian random variaBle ~ O3 =i — Hq»
N(N;¢;, N;v2). Here, from (1),(; andv? are found as R o ¢, Peons
C’i = / xf i (x)dm — %X 0 (PimaX)?
0 9; QZ (b) /OO 2( ) ( )d
o0 = Vi (z)fz, (z)dx
(K +1)w (K
/ 5567%]0 2 Ki(H: + e dz, 9 0
0 Qi 7' o echons 0 N, N
and o (Pmax)qy ) G, V



PCOHS
-7 ( 0, NiGi, Nir2, 0) and

G -
T (7i,0 = ridi, NiGy, Niv, 00) pi = E{log(1 + P,G;)?} = / fe, (@) log*(1 + Px)dx
— T (rs,0 — ridi, NiGi, Niv?2, s;) o
@, 5 [ e
. 1 et oo = - lo(1 + Prdr s (00) — i (1),
ai,a9,a3,04,T) = e 2u4 er 0
N ()

Ml py
H(z) = 2 <—ac5F5 <1,1,1,2 2,2 — m)
P P

i %

—2y/ay ale%(al(ag + ) + 2a2)

1 i
z%4a2 - _ v
4+ Ve 2as (a1 (ad —+ a4) + 2(110,2(15 -+ a2) ) (13) + 5 10g(l‘)( 2 (10g (pZ l‘) + 8)

Ai
Here, (a) and (b) in (12) and (13) come from approximating — 2r <0, P?x) + 108?(93)))- (18)
fa,(x) by fz,(x) defined in Lemma 1 and the approximation ’ B
log (1 NI KL x) ~ Yi(x) where Here, E{z) = [ <% represents the exponential integral
(B3 function. Moreover,(c) and (d) are obtained by partial inte-
Hs\/wx e (081 gration. '_I'hen, denoting the Euler constant cf),y(e_) comes
Vi(z) = { (Pma @ ) 9t frqm variable transforml + P,z = t, some manipulations
0+ri(x—d), T > s, as well as the definition of Gamma incomplete function
0 1 [(s,z) = [°t*~te~'dt and the generalized hypergeometric
5= Vg, [G P (1—e9) N 1779\/W’ function ,, F,,,(-). For the Gamma-Gamma distribution, on
(Pmax) (PP>)7 the other hand, the PDf in (17)-(18) is replaced by (5) and
¢; PLons 0 e 1 the mean and variance are calculated by [8, eq. 43] and [8, eq.
ri= 17" || (prany ydi = e (14) 44, respectively. In this way, following the same argunsent
(P as in Lemma 2, the outage probability of the FSO-based hops
Then, using the CDF of Gaussjan random variables and ffeapproximated by (16). O

2 . .
error function erfx) = \/— Jo e7t'dt, (11) is determined as | emmas 1-3 lead to the following corollary statement about

L the performance of multi-hop RF-FSO systems.
1 1+ erf VAM;C; (115_1 B ‘“) Corollary 1: With long codewords, there are mappings
2 /262 between the performance of FSO- and RF-based hops, in the
sense that, with proper parameter settings, the same outage
Note that, in (15)f > 0 is an arbitrary parameter and, baseflropability is achieved in these hops.
on our simulation, accurate approximations are obtaineé fo
broad range of > 0. p  Proof. The proof comes from Lemmas 1-3 where for different

hops the outage probability is given by the CDF of Gaussian
Finally, the following lemma represents the outage probgandom variables. Thus, with parameter settings(/af 6;)

i ~ V0 >0. (15)

bility of the FSO-based hops. and (ji;,5;) in Lemmas 2-3, the same outage probability is
Lemma 3: The outage probability of the FSO-based hOFt‘:lchleved in these hops. In this way, the performance of RF-
i.e., (8), is approximately given by FSO based multi-hop networks can be mapped to the ones
) 1 M,C; (_ _ ﬂi) using only the RF- or the FSO-based communication. [
P = = . 16
i 2 Lert 252 (16) IV. SIMULATION RESULTS

Throughout the paper, we presented different approximatio
Echmques The verification of these results is demorstriat
?g 1 and, as seen in the sequel, the analytical resulfoll
the simulations with high accuracy. Then, to avoid too much

Here, ji; and? are given by (17)-(18) and [8, eq. 43-44] for,
the exponentlal and the Gamma-Gamma distributions of t
FSO links, respectively.

Proof. Using CLT, the random variable information in each figure, Figs. 2-4 report only the simiglat
1 ZM7' mC; log (1 + PGi(c )) is results. Note that in all simulations we have checked theltes
M;C; m=1 Laic=(m—1)C;+1 . . . .
replaced by its equivalent Gaussian ~random variabféth the ones obtained analytically and they match tightly.
Ri ~ N (ji;, —=52), where for the exponential distribution The simulation results are presented for homogenous setups
of the FSO |mfk we have That is, different RF-based hops follow the same long-term
~ fading parameterd<;,w;, Vi, in (1)-(2), and the FSO-based
fi = / fa,(x)log(1 + Pix)dx hops also experience the same long-term channel parameters
0

t

w1 _ - N i.e., \j, a; andb; in (4)-(5). Also, we considen/; = M; and
© 1/ *7(?3(33)(1@ — _¢PEi <ﬁ) . (17) Ri=R;,¥i,j=1,...,T Inallfigures, we sef’; = N;Pf°"
0 1+ Px P, such that the total consumed power at different hops are the

%



20,7 = 1,T = 1Vi, and the results are presented for the
cases with ideal PAs at the RF-based hops. As it is observed,
the analytical results of Lemmas 1-3 mimic the exact results
with very high accuracy. As a result, (15) and (16) can be
effectively used to analyze the data transmission effigienc
of the RF-FSO multi-hop networks, as well as the multi-hop
networks with only the RF- or the FSO-based communication.
On the effect of HARQ and imperfect PAs: Figure 2 shows
the outage probability of a dual-hop RF-FSO network for
different maximum numbers of HARQ-based retransmission
rounds M;,Vi. Also, the figure compares the system per-
: : formance in the cases with ideal and non-ideal PAs. Here,
10 15 20 . L .
SNR (dB) the results are presented for the exponential distributibn
Figure 1. On the tightness of the results in Lemmas 1-3. IBéaldual-hop the FSO link, 7" = 1,7 = 1,C; = 10,C; = 20,R; = 3
network, M; =1,R; =1,2,C; =10,C; =30, T = 1,7 = 1, N; = 20. npcu, andN; = 60, Vi. As demonstrated, with no HARQ, the
efficiency of the RF-based PAs affects the system performanc
considerably. For instance, with the parameter settings of
the figure and outage probabilityo—*, the PAs inefficiency
increases the required power 8y dB. On the other hand, the

=)

=
Q

=
S,
=

= Exact result
-- Approximation results of Lemmas 1-

o~

=
S,

o

Outage probability
S\

IS

) "t Dual-hop network;
M; =1, ideal PA,

C; =10, C; =30

=
(=}

100

=2
% o HARQ can effectively compensate the effect of imperfect,PAs
3 and the difference between the outage probability of thesas
s 13dBgain with ideal and non-ideal PAs is negligible fér > 1. Finally,
§ 107 \ \ 17dBgain | the HARQ improves the energy efficiency significantly. As an
S : example, consider the outage probabilly—#, an ideal PA

—Non-ideal PAg=0.75,9=0.5, P__ =25 dB|
max

- 1deal PA and the parameter settings of Fig. 2. Then, compared to the

\ : | open-loop communication, i.eM; = 1, the implementation
5 i ¥ of HARQ with a maximum of 2 and 3 retransm_issions reduces
SNR (dB) the required power by 13 and 17 dB, respectively.
Figure 2. Outage probability of dual-hop RF-FSO network different System performance with different numbers of hops: In
PA models and maximum number of retransmissiahk, vi. Exponential  Fig. 3, we show the outage probability in the cases with
ﬁ';éﬂb‘;tr'%'}vf":%% Fﬁo k"= 1,17 = 1,C; = 10,C; = 20, B = 3 gifferent numbers of RF- and FSO-based hops, Te7. As
’ o expected, the outage probability increases with the nurober

same. Then, using (3), one can determine the output of the RIePS:- However, the outage probability increment is nellkegi

based antennas. Also, because the noise variances arelset Rgrticularly at high SNRs because the data is correctly deto
B, (in dB, 101og;, B,) is referred to the SNR as well. In FigS_WIth high pro_bablht)_/ in different hops as the SNR increases
1 and 4, we assume an ideal PA. The effect of non-ideal PAd §2lly, the figure indicates that the outage probability of

verified in Figs. 2 and 3. With non-ideal PAs, we consider tH§€ RF-FSO based multi-hop network is not sensitive to the

state-of-the-art parameter settings= 0.5, ¢; = 0.75, PMa = distribution of the FSO-based hops at low SNRs. Intuitively
95 dB, Vi, unless otherwise stated [19], [20]. The p;rametepgis is because at low SNRs and with the parameter settings
of the Rician RF PDF (1) are set to, = 1, K; = 0.01,Vi of the figure the outage event mostly occurs in the RF-based
leading to unit mean and variance of the channel gain df$2PS: However, at high SNRs where the outage probability
tribution fgz‘m (x),Vi, ji. With the exponential distribution of of different hops are comparable, the PDF of the FSO-based

i . . hops affects the network performance.
- p— . 7)\1':6
t;e fSlovpaield h?cps, tr\1N N éonS'dﬂéx) N Aéfet i tW'th On the effect of RF-based transmit antennas. Figure 4
i = Lve. Also, for T eu ::mma— amma distnbulion Wejemonstrates the effect of the number of RF transmit antenna
set fg (v) = Haiba) 2 "5 1K, s, (2v/aibix) , a; = on the network outage probability. Also, the figure compares

=
S,
o

5 20 25

4.3939,b; = 2.56F§%L,)§§(,}7'\)/vhich corresponds to Rytov variancethe system performance in the cases with short and long
1 [8]. codewords, i.e., in the cases with small and large values of
The simulation results are presented in different parts &%, C;. Here, we consider Gamma-Gamma distribution of the

follows. FSO-based hops, ideal PAR;, = 1.5 npcu, M; = 1,T; =

On the approximation approaches of Lemmas 1-3: Consid- 7} = 1,Vi, and SNR= 10 dB. As seen, with short codewords,
ering an ideal PA and/; = 1, R; = 2 npcu, andC; = 10,Vi, the outage probability decreases with the number of RF-
Fig. 1 verifies the tightness of the approximation schembégased transmit antennas monotonically. With long codesyord
of Lemmas 1-3. Particularly, we plot the outage probabilithowever, the outage probability is (almost) insensitivahe
of a dual-hop RF-FSO setup versus the SNR. Here, we seimber of antennas falV; > 3. This is because, with the
M; = 1,R; = 1,2 npcu, andC; = 10,C; = 30, N; = parameter settings of the figure, the data is correctly detod
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Non-ideal PA, M; = 2,
}?i = 2, Ci = 10,
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of FSO hops
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Figure 3. The outage probability for different numbers of RRd FSO-based
hops, i.e.,T and T'. Non-ideal PA,9; = 0.5,¢; = 0.75, P"™ = 25 dB,
M; =2,N; =20, R; = 2 npcu,C; = 10, and C; = 20, Vi.
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with high probability as the number of antennas increas

Finally, the outage probability decreases with C;, because

the HARQ exploits time diversity as more channel realizatio

are experienced within each codeword transmission.
V. CONCLUSION

the Swedish Governmental Agency for Innovation Systems
(VINNOVA) within the VINN Excellence Center Chase.
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