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PRICING OF QUANTO CHAINED OPTIONS

GEONWOO KiM

ABSTRACT. A chained option is a barrier option activated in the event
that the underlying asset price crosses barrier or barriers prior to maturity
in a specified order. In this paper, we study the pricing of chained options
with the quanto property called the “Quanto chained option”. A quanto
chained option is a chained option starting at time when the foreign
exchange rate has the multiple crossing of specified barriers. We provide
closed-form formulas for valuing the quanto chained options based on
probabilistic approach.

1. Introduction

A quanto option is a foreign currency option which has a payoff is converted
into a domestic currency at maturity at a foreign exchange rate. Since the
quanto option is widely used to avoid the exchange rate risk in the currency-
related market, the quanto option is the one of the most popular exotic options
in the over-the-counter (OTC) markets. Thus, many researchers have studied
for the valuation of this option. Huang and Hung [3] studied the quanto option
under Lévy model. Bo et al. [1] adopted the Markov-modulated jump-diffusion
models to formulate time-varying sovereign ratings in the currency market.
Park et al. [7], Lee and Lee [6] and Giese [2] also provided pricing formulas for
the price of quanto option in the stochastic volatility model. A recent research
by Teng et al. [8] provided the pricing and hedging strategy of quanto option
with the dynamic correlation.

Among exotic options, a barrier option also is one of the most popular
types of path-dependent derivatives. The barrier option is a contingent claim
whose payoff depends on the relationship between the specified barriers and
the path of the underlying asset. For example, a down-and-in call will be the
European call option if the value of the underlying asset falls below the specified
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level. Since barrier options are cheaper than the European options and provide
flexibility, they are widely used in financial markets. So, the research for barrier
options is an important issue in the theory of finance.

The barrier options of various types are developed by many researchers.
Recently, Jun and Ku [4], [5] introduced a new-type barrier option named as
a chained option. The chained option is an option when two or more barrier
options are chained together. The explicit price formulas of the chained option
when the barriers follow exponential functions also were provided by Jun and
Ku [5]. However, these works did not deal with two underlying asset in the
pricing of chained option. Thus, this paper considers chained options with two
underlying asset. More concretely, we extend their works by combining the
quanto options and the chained options. This paper is organized as follows.
In Section 2 we introduce the quanto chained options and derive the closed-
form formulas for the price of quanto chained options. In Section 3 we give a
conclusion.

2. Quanto chained option

We assume that (Q, P, F) is a filtered probability space, where P is the
risk-neutral measure. Let S(¢) be the asset price of foreign company in foreign
currency, and V' (¢) be the foreign exchange rate in domestic currency per unit
of the foreign currency at time ¢. Then the dynamics of processes under risk-
neutral measure P are respectively given by

AV (t) = (rq —rp)V(t)dt + 0,V (t)dZ, (1),

dS(t) =rS(t)dt + oS (t)dZs(¢),
where 74 and 7y are the instantaneous domestic and foreign interest rates, o,
and o, are the volatilities of the exchange rate and the foreign stock, and Z,(¢)
and Z4(t) are the two standard Brownian motions with correlation p under
risk-neutral measure P, i.e., dZ,(t)dZs(t) = pdt.

We consider the quanto chained option activated at time when the foreign

exchange rate crosses fixed barriers. To evaluate price of this option, we rewrite
respectively the above dynamics as

(1) AV () = (rq — r)V(£)dt + 0,V (£)dW, (1),
2) dS(t) = rS(t)dt + o, S()(pdW, () + /1 — p2dWa(t)),

where W, (t) and W, (t) are independent standard Brownian motions under the
risk-neutral measure P. Applying the Ito’s lemma, we can find the solutions
of the dynamics (1) and (2) as

V(t) = Ve(""dfrfféo'g)t‘i'o'vwv (t), S(t) = Se(Tfféof)t+a'spWU(t)+0'5 V 17P2W5(t)’

respectively, where V' = V(0) and S = S(0).
In order to prove our results, we introduce the following lemma.
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Lemma 2.1. We assume that W1 (T) and W(T') are independent standard
Brownian motions under the measure P with respect to its natural filtration F.
Then, for any T >0 and u > 0,

EP[691W1 (T)+92W2(T)]_{V1 Wi(T)+v2Wa(T)>k,supiepo, ) W1 (t)Zu}]

1
(V2 +v3)T ’ VT \/V%—I—U%)
+69%;6§T@ 1T 4+ vebT — k —u+ 6T 141
WVZ+HT T TR 4+02)
where 01,02, v1,v5 and k are real numbers, ®o is the cumulative bivariate nor-

mal distribution function, 1¢ 4y is the indicator function of an event A and EA
is the expectation under the measure A.

69%+9§ T+291u(1) <2uu1 + 1/191T + 1/292T -k u+ 91T 1%
= 2 2

Proof. We set 7 = inf{t > 0| W1(t) = u}. And let us define a process X (t) by
setting

X(t) =Wit)1i<ry + (2u — Wi(t)1sry-
Then from the reflection principle for Brownian motion, X (¢) is a standard
Brownian motion under the measure P. Moreover, we have

EP[601W1(T)+02W2(T) 1o,w, (T)+v2aWa(T)>k,sup,co, 7] Wi (t)zu}]

_ Ep[eel(zu—X(T)Hesz(T) 1{1/1(2u—X(T))+u2W2(T)>k,2u—X(T)<u}]

+ EP [ DALV TIT )  o) aWa (1) 5 Wi (1) >0} ]

=1 + .
In order to calculate I, if we define a new measure P equivalent to P by

dP {_9%+9§
2

ap ~ P

then, by the Girsanov’s theorem, X (t) = X (t) + 01t and Wo(t) = Wa(t) — Oat
are independent standard Brownian motions under the measure P and
I

— EP[dB 0:1(2u—X(T))+0:W2(T) _ _ _
dP {—1 X(T)+v2Wo(T)>k—2v1u—v1 00T —v202T, X (T)>u+601T}

T -6, X(T)+ 92W2(T)} :

_ B i T =
e P (lllX(T) Z/QWQ(T) < 21u + 10T + ve0,T k, X(T) > u+ 91T)

1
(V2 +v3)T , VT \/V%—I—V%).
Similarly, if we define a new measure P equivalent to P by
dp 03 + 03
. —expd—
ap ~ P 2

_ 69%;957”"291“(1)2 <2V1U+V191T+V292T— k u+60,T v

T+ 91W1(T) + 92W2(T)} )
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then W, (t) = Wi(t) — 01t and Ws (t) = Wy(t) — O3t are independent standard
Brownian motions under the measure P. Therefore we have

I, = Eﬁ dP Wi (T)+02Wa(T)y . .
dP {viWi(T)+v2Wo(T)>k—v101T—v202T, W1 (T)>u—6.T}

07 +62

=e 2 Tﬁ(—ylwl (T)—VQWQ(T) < v T + 90T — k/’, Wl (T) >u— 91T)

9%;95 Tq) v T 4+ ve0T — k —u+ 6T 121
=€ 2 ) ) .
el | VT Vi+a
Let us consider a quanto option with maturity 7" and strike K. Then a
close-form valuation formula for a down-and-in quanto chained call option

(DIQCC,) with the upper barrier U and the lower barrier D is provided by
the following theorem.

O

Theorem 2.2. The price at time 0 of quanto chained option (DIQCC,,) which
is activated at time T = min{t > 0|V (t) = U,V < U} is

D
DIQCC, = VSero:T (_

2p1
o2
U) P, (a1, a2, p)

2p

U\ <2
ygeeT (V) Dy (b1 ba, —p)

2p9

=

o3

D
— KVe ™T (U) Py (c1,¢2,p)

2p9

U\ -2
—KVe_TfT (V) (PQ (d17d2)_p))

where

Hip 9 2p U? g1
— (1 — VT — P (=) - ,
os(1=p )) oo/ T n(VD) oo/ T

<
e ()7 (%)
<

o o)

g
M1 1 U2
by=— () VT - — —In( —
? (O—’U)\/_ O-'U\/TH(VD),

Y 5 2p v® 92
K2l 95,01 — _ In [ — | — :
oL =p )) VT oNT (VD) osVT
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o () ()

with
0.2
/,Lli’l"d*'rf+7v+po-7jo—5; H2 = K1 — pOy0s,

K 3 p10sp 205p U
=ln(=])- - - TSP In(=
91 n ( S) (Tf + 205 + Usp( Usp) o0 ) oy n V)

K 3 20 sp 204p U
=In{—=|— -2 —— | T——In{=].
g2 =1n ( S) (Tf + - 50 02+ osp(oy, — 204p) . ) p n

Proof. The price at time 0 of the down-and-in quanto chained call option is
given by

DIQCC, = e~ "TE" [V(T)(S(T) — K) 1w =vr<tinticiom V<t>§D}}
= e " TEP [VAT)S(T)L(vr)=tir <Tink i Vi <D,5(1)> K |

(3) — Ke mTEP |:V(T)l{v(q—):U,7—<T,inft€[,_,T] V(t)gD,S(T)>K}:| .
Let us consider the first term of Eq. (3). Then, under the measure P, the
dynamic V(T)S(T) is as follows.

V(T)S(T) = VSelra—= )T+(Usp+ov)W (T)+0s\/1=p>Ws(T)
We define a new measure P equivalent to measure P by

dP O’ +2p0,0, + 02
=ex
ap ~ P 2
By the Girsanov’s theorem, under the measure P the standard Brownian mo-
tions are respectively rewritten as W, (t) = W, (t) — (pos + o)t, Wi(t) =
W (t) —o4y/1 — p2t. Then, under the measure P, V(T) = Vet THowWo(T) and

ST + (pos + o)Wy (T) + 05/ 1 — pQWS(T)} .

e " TEP [V(T)S(T)1{V(r):U,r<T,infte[T,T] V(t>§D,S(T>>K}}
= VSerrvo: TEF |:1{V(T):U,T<Tinftg[r,T] V(t)SD»S(T)>K}:| )

We define a new measure P again by

dp = exp {_ (11/0v)? + 03

dP 25(1_p2)T (M) Tyt o/1-FWiT }

Let Y(t) = Wo(t) + (“—l)t = 2 (%) and Wi(t) = W) — 0sy/T—p

Then Y (¢) and W, (t ) are respectlvely independent standard Brownian motions

under the measure P and

P <V(T) =Urr<T i[nfT] V(t) < D,S(T) > K>
te|r,
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@ P (Y() = ur <, i V() SdS0) > K).
te|r,

where u = % In (%) and d = % In (%) Let us define a process 57,5 by setting

Y(t) =Y () r<ey + (2u =Y (1) 1{r <y

Then, by relying on the reflection principle, f@ also follows a standard Brownian
motions under the measure P and

E” [1{V(T):U,T<T1nf,,e[m] V(H)<D,S(T)>K}

(11 /00)%+02(1-p?)
= e = 5 T

>3 m oar/
XEP{( JYm=e/i- pWS(T)1{Y(r>—u,r<T,inftE[,,T]Y(t)gd,s<T>>K}}

(11/00)2+02(1-p?)
—e = T

B[ (1) (2u—Y (T))—0.\/1-p2W.(T
x B {e(ov)( ) g )1{supt€” Y (t)>2u—d, S(T)>K}}

2
. e (Hl/f’u) +U (1—p )T_,'_?uulE |: (#1 Y(T) Usmws(T)

- _ - K 3, .
{ sup Y(t) > 2u—d,o5\/1—p*W(T) = 0,pY (T) > In (7) - (T'f + 3{73 + pos(oy —osp) — M) T — 2uosp}
te[0,7) S 2 S

Since the two Brownian motions Y (¢) and ﬁ//s(t) are independent, we can
apply Lemma 2.1. Then we have

E” [I{V(T):U,T<Tinft€[T’T] V(t)gD,S(T)>K}}

e—2(%)(u—d)x

(“IUSP)T o2(1— p*)T—20,p(2u — d)— g1 —(2u—d)+(ﬂ)T
O'S\/T ’ \/T P

Py

(m20) T~ 0201~ )T~ g0 —~(u—d) — (&) 7
P, oNT , VT -

The second term of Eq. (3) also can be calculated in a similar way. Therefore
the proof of Theorem 2.2 is completed. (I

The following theorem gives a closed-form valuation formula for an up-and-
in quanto call option (UIQCC,4) activated at time when the foreign exchange
rate touches the lower barrier D after crossing the upper barrier U.



PRICING OF QUANTO CHAINED OPTIONS 205

Theorem 2.3. The price at time 0 of quanto chained option (UIQCCyq) which
is activated at time 7o = min{t > 7|V (t) = D,y = min{t > 0|V () = U,V <
U}lt is

2py
U2\ -2
UIQCC,q = VSerowosT <V—D> @5 (a1, a2, —p)

D\ -3
+VS€vaUST <U) (1)2 (bl,bZ;p)

2 p)
- KVe T <U—> " By (c1,c2,—p)
VD ) )

2p2

D\ -3
+KV€_TfT (U) (1)2 (d1;d27p)7

where

a1 = (/ilp Us(lp2)) VT 2Py (B) o

v ooVT U o NT’
1 1 U3
= — —_— _—1 _
== (BT ()
fi1p 2 2p u? 91
by = —oy(1— - In(—)— ,
' v os(l=p )>\/_ ouNT n<VD> osNT

<
() ()
(8- ) - (B)- 2

g
(2 I R
e ()T (o)

Y 2 2p U® 92
dy = — 20, (1 — - In(— ) —
= (B2 VT 2 (75)

125 1 U3
= — B — __
= ()T ().

with w1, pa, g1 and go defined in Theorem 2.2.

Proof. The price at time 0 of the up-in quanto chained option is given by
UIQCCyq

= eirdTEP [V(T)(S(T) - K)+1{V(T1):U,V(Tz):D,Tl<T2<T,Supt€[7_2VT] V(t)ZU}i|
= e TR [V(T)S(T)1{V(‘rl):U,V(72):D,‘rl<72<T,supt€[,_2’T] V(t)ZU,S(T)>K}}

- Ke TR |:V(T)l{v(‘ﬁ):U,V(Tz):D,Tl<T2<T,Supt€[,_2’T] V(t)ZU,S(T)>K}}
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=1 — Ir.

From the measures and notations defined in Theorem 2.2, we have
(5)
I

= VSer7 o TEY |:1{V(Tl):U,V(T2):D7T1<T2<T7suPt€[72,T] Y(t)zU,S(T)>K}}

2, 2., 2
(m1/0v) :U (1—p )T

= V§er7nosT-

P E1Y(2uq—Y (T —0os/1— ZWS T
E [e("”)( ™ P )1{17(7'2):2u7d,‘r2<T, inf )N/(t)<u,S(T)>K}:|

te[r2,T)

2,202
_ VsepﬁstT*(ul/%) :as(l P )T+(72u+2d)(5—111)x

P (& Y(T)—0s/1—p2WL(T) R
E |:€( ) l{supte[m’ﬂ Y(t)23u72d,S(T)>K}:| )
where Y (t) and Y (¢) are respectively defined by

Y(t) =Y () lpery + 2u— Y1)l <
Y(t) =

Y(t)lt<ry + (22u — d) = Y () 1{r,<t}-

Then from the reflection principle, f’(t) and ?(t) are the standard Brownian
motions under the measure P. Here, we apply Lemma 2.1 to Eq. (5). Then

I = VSSPG1’GST+(4U_2d)(5_i) X

(chsp) T—02(1—p)T—g1—20sp(d —u) 3u—2d+ (ﬁ—i)T

o o VT ’ VT r
4V S T2 2).,
(%) T—02(1—p?)T—g1—205p(2u — d) —(3u—2d)+ (%) T
b2 osVT ’ VT i
In a similar way, I also can be calculated. This completes the proof. (]

Remark 2.4. The prices of quanto chained options which have more hitting
times can be generalized by the methodology in Theorems 2.2 and 2.3. Our
results also can be extended to quanto chained options with curved barriers

3. Conclusion

We provide closed-form formulas for valuing a new type of quanto option
starting at time when the foreign exchange rate correlated with the asset of
foreign company crosses two or more barriers. The Girsanov theorem and the
reflection principle are used repeatedly to find the formulas. We present the
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valuation formulas of the quanto chained option by the cumulative bivariate
normal distribution function.

(1]
(2]

(3]
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