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Abstract

We present a consistent framework for computing shareholder and firm values of derivative portfo-
lios in the presence of collateral, counterparty risk and funding costs in a multi-currency economy.
The results extend the single currency economy results from Kjaer [2] and the major difference is
that the effective funding spreads now include cross currency basis spreads. This is a consequence
of having to hedge the foreign exchange rate risks that arise from converting funding in one cur-
rency into collateral in another. The resulting valuation adjustments have been implemented in
the forthcoming Bloomberg MARS XVA product.
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1 Executive summary

We provide consistent calculations for shareholder and firm value adjustments (“The XVA metrics”)
for a derivative portfolio between a bank and a counterparty in the presence of counterparty
risk, funding costs and collateral support annexes (“CSA”) in a multi-currency economy. This
setup extends the single currency calculations presented in Kjaer [2] and the resulting valuation
adjustments have been implemented in the forthcoming Bloomberg MARS XVA product.

The XVA metrics

The multi-currency shareholder and firm values V and va are decomposed in the same way as
the single currency counterparties in Kjaer [2] with

V =Vois+COLVA+ FCVA+FVA+ MVA
Viv = Vois + COLVA + FTDCVA+ FTDDVA+ FVVMVA+ FVIMV A

where

e Vors and Vega: the OIS and CSA discounted risk-free values.

e COLV A: COLlateral Valuation Adjustment.

e ['CV A: Funding Curve discounted Credit Valuation Adjustment.
e 'V A: Funding Valuation Adjustment.

e MV A: Margin Valuation Adjustment

e FTDCYV A: First-To-Default Credit Valuation Adjustment.

e FTDDV A: First-To-Default Debit Valuation Adjustment.

e 'VV MV A: Firm Value Variation Margin Value Adjustment.

e 'VIMV A: Firm Value Initial Margin Value Adjustment.

Major differences compared to the single currency valuation adjustments:

e The funding spread include the cross currency basis spread between the funding and collateral
currencies.

e The funding currency risk-free rate is used for discounting the firm value metrics.
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Credit, funding and CSA curves

All XVA metrics need the following market data:

Counterparty credit curve.

Domestic and trade cash flow currency discount curves, with CSA currency collateral.
Bank funding currency OIS discount curve.

Domestic discount curve, with bank funding currency collateral.

Variation and initial margin collateral spreads per CSA (if applicable).

Shareholder value metrics only:

Bank unsecured (i.e. risky) discount curve denominated in a chosen funding currency.

Firm value metrics only:

Bank credit curve.

Other assumptions

. Frictionless continuous time and amount trading.
. All hedge assets are traded on a collateralised (or repo) basis.

. The market risk factors are independent of Jp and Jgo.

Single bond funding strategy with a single funding currency used.

. Full re-hypothecation of variation margin collateral.

. Initial margin collateral is held by a third party custodian who pays the interest on it.

The variation and initial margin accounts may have multiple (and different) eligible currencies
with full substitution rights.

. No basis spreads between bank debt of different seniorities. Cross currency basis between

bank debt in different currencies.

. Deterministic recovery rates for bank and counterparty debt and derivatives (these recovery

rates can be different).



Bloomberg 6

2 Introduction

In Kjaer [2] we derive consistent shareholder and firm value XVA metrics for a derivative portfolio
between a bank and a counterparty in a single currency economy in the presence of variation and
initial margin collateral, counterparty risk and funding costs. This paper extends these results to
a multi-currency economy where portfolio trade cash flows, funding and collateral can be denom-
inated in different currencies. Intuitively, if one raises funds in one currency to post as collateral
in another the cross currency basis spread between the funding and collateral currencies should
be included in the effective funding rate. As seen in Table 1 cross currency basis spreads may be
sizable and this is our motivation for modelling them.

‘Term Ticker Pay Receive Mid‘

3M JYBSC  -32 -26 -29
6 M JYBSF  -33 -27 -30
9 M JYBSI  -35 -29 -32
1Yr JYBS1  -41 -31 -36
2 Yr JYBS2  -49 -41 -45
3 Yr JYBS3  -56 -50 -53
4 Yr JYBS4  -62 -56 -99
5 Yr JYBS5  -65 -64 -64
6 Yr JYBS6  -68 -67 -67
7 Yr JYBS7 -T2 -66 -69
8 Yr JYBS8  -72 -66 -69
9 Yr JYBS9 -71 -65 -68
10 Yr JYBS10 -66 -65 -66
12Yr JYBS12 -64 -08 -61
15 Yr JYBS15 -56 -50 -53
20 Yr JYBS20 -45 -42 -44
30 Yr JYBS30 -34 -31 -32

Table 1: USDJPY cross currency basis spreads in basis points on 03-Feb-2015. Source: Bloomberg

The methodology and notation of this paper deliberately follow that of Kjaer [2] closely. Many,
but not all, of the results and conclusions remain unchanged when moving to a multi-currency
economy and will not be repeated. Hence it is important to read and understand Kjaer [2] before
turning to this paper. The resulting XVA metrics are implemented in the forthcoming Bloomberg
MARS XVA product.

This paper is organised as follows: The assets and accounts of the multi-currency economy are
introduced in Section 3. In Section 4 we then derive partial differential equations for the share-
holder and firm values for a general multi-currency funding strategy, and generalise the reference
value definition to a multi-currency setup. In Section 5 we fix a funding strategy with one bond
denominated in the funding currency. We interpret the results in Section 6 before discussing the
model assumptions in Section 7. We conclude in Section 8. The detailed derivation of the semi-
replication and valuation adjustments are given in Appendix A and B. Multiple netting sets and
CSAs are discussed in Appendix C. The invariance with respect to the reporting currency under
certain circumstances is proved in Appendix D.
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3 Hedging assets, accounts and rates

We consider a portfolio of derivative trades between a bank B and a counterparty C' in a multi-
currency economy with assets, accounts and rates given in Table 2. For simplicity we assume all
trades belong to a single netting set and credit support annex. The extension to multiple netting
sets and CSAs is straightforward and discussed in Appendix C.

7 Currency index 0 < i < N with 0 < d < N being the domestic currency index
X; Currency ¢ FX spot rate. By definition Xy = 1 at all times.
X X = (Xo,X1,...,Xn-1)
3: i Currency 4 default risk-free zero-coupon (maturing at T, n = 0, 1) bond price.
Bz, T Currency ¢ repo-account and rate secured against ZYTQ
r r=(ro, "1, T"N=1)
Bx.isVX,i Domestic repo-account and rate secured against ZZ i
TLi Currency ¢ continuously compounded Libor rate used for e.g. swap fixings.
Sis Qi Currency ¢ denominated spot asset price with dividend yield g;.
S S = (S0,51,...,5n-1)
Bs.is78,i Currency ¢ repo-account and rate secured against S;.
Po,re Currency i¢ counterparty overnight bond price and rate.
Bosvo Currency i¢ repo-account and rate secured against Pg.

Pr;j,rri; Currency ¢ bank un-secured overnight bond price and rate for seniority j.

Be,isTh,i Currency ¢ variation margin collateral account and rate.

Bup,is Top,i Currency ¢ initial margin collateral account and rate.
Table 2: Assets, accounts and rates of the multi-currency econ-
omy. The bank bond index j is ordered by increasing seniority per
currency. The repo and collateral account values are per unit of
account.

All assets are traded on repo (i.e. on a fully collateralised) basis. In order to hedge currency i
interest rate and foreign exchange risk we need two zero coupon bonds Zf »,n = 0,1 with different
maturities, one of which is collateralised in its own currency with rate 7"71- and the other which is
collateralised in domestic currency with rate yx ;. This setup is very similar to that proposed in
Piterbarg [3] and from the definition of these rates vx 4 = rq for the domestic currency. For each
currency 4 the bank has multiple overnight bonds Pg;; with different seniorities (and recovery
rates) Rp; ; for funding purposes.
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The assets, accounts and rates in Table 2 are assumed to follow the real world dynamics

Si(t) = ps,i(t, Si(t))Si(t)dt + os,i(t, Si(t))Si(t)dWs,i(t)
7J(t‘) = px,i(t, X;(8) Xi(t)dt + ox i(t, Xi(t)) X (t)dWx 4(t)
dri(t) = pri(t,ri(t))dt + o (t, 7:(t)) AW, (2)
dPc(t) = rc(t)Po(t™)dt — (1 — Re)Po(t™)dJe(t)
dPp; j(t) = 17, (1)Prij(t7)dt — (1 — Ry, ) Pr i (t)dJB(t)
dBs,i(t) = ( i(t) — gs,i(t))Bsi(t)dt (1)
dﬁZ@(t) =ri(t )/821( )dt
d/BXz(t) = Xz( )ﬁXz( )
dBc(t) = 70( )Be(t)dt
dﬁdm(t) = ( )5¢> z( )
dBy,i(t) = ry,i()By,i(t)dt

where Wg;, Wx; and W, ; are Wiener-processes with correlations PSi,S;s PX;Xj> Priris PSi, X
PS;.r; and PXi ;- The processes Jp and Jo are independent Poisson processes. The recovery
rates 0 < Rc <1,0< Rp;o < Rpio < ... <1 are constant and the functions ug;(t,s), os(t, s),
px,i(t,s), ox.i(t,s), pri(t,r), and o, ;(t, r) satisfy standard technical conditions to guarantee strong
solutions of the stochastic differential equations for 5;, X; and r;. For the domestic currency we
set ox q(t, Xq(t)) = 0 and X4(t) = 1 for all . Spot asset dividend yields ¢s; are deterministic and
all other rates are deterministic spreads over the relevant r; rate such that

rLiqr(t) =1i(t) + s1,..(t)
re(t) =rig(t) + sc(t)
rri(t) = ri(t) + sp(t)
elt) = riet) + 550 o
vs,i(t) = 1i(t) + 8,5, (t)
Yx,i(t) = ra(t) + sx,i(t)
Ti(t) = 1i(t) + 54,(t)
Top,i(t) = 1i(t) + sp(t)

The spreads sr; ; and sy ; are the funding and cross-currency basis spreads respectively and as we
will see these will appear together in the valuation adjustment formulas. In the absence of bond
basis it is straightforward to show that

srij = (1—Rp;j)A\B (3)

where Ap is the deterministic spread of a (potentially hypothetical) bank zero recovery bond inde-
pendently of the denomination currency. Analogously the spread of a counterparty zero recovery

- . TC—Y
bond is given by \¢ := 1C*R§'
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For the remainder of this paper we suppress the explicit dependence on ¢ to improve the clarity of
the exposition and write Pp; ;1= Pp, (7).

4 Valuation by semi-replication

We consider a derivative portfolio whose trades pay the total amount H(r(T"),S(T), X(T)) in
domestic currency on the same date T provided that the bank and the counterparty are both alive.
The total value in domestic currency of the portfolio including funding, collateral and counterparty
risk is denoted by V and is an asset to the bank if positive. Moreover we let V= V(t r,S, X, Jp, Jo)
and use the generic boundary conditions V(t, r, S, X,1,0) = gp(t) and V(t,r, S, X,0,1) = go(t).

4.1 Semi-replication

Extending Kjaer [2] we consider the bank balance sheet consisting of a derivative book with value
V and a hedging and funding portfolio Il = IIg + 117 + IIx + Il¢ + IIF + 11y + I, with

IIs = Z Xi(95:5; + as,ifbs.i)
i
Iz = Z Xi(éz,iZTT,;? +aziB7:)

IIx = Z(CSX,z‘XiZZ} + axifx)
i

e = (0cPc + acBe)X

Il = Z 0F,i i XiPrj
i’j

My =Y XicgiBoi
7

II, = Z Xiow B,iBy.i-
i

A positive weight means the bank is long the asset or account and we define the collateral account
balances per currency as ¢; := o i34, VB, = BBy and Yo = oy 0By, With oy p; > 0 and
aw’cyi <O0.

As in the single currency setup repo-financing and the requirement that V +1I = 0 except possibly
at bank default imply that the funding weights dp;; must satisfy the multi-currency funding
constraint

V + g + I, + I, = 0. (4)

We can now use [td’s lemma, the boundary conditions gp and g¢, the funding constraint (4), the
no-basis condition (3) and choose the hedge ratios ds;, 0z, dx,; and ¢ such that the market and
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counterparty default risks are hedged out to obtain the balance sheet dynamics as

- ov . . R
d(V +1I) = {E + AV +Ap(gp = V) + Ac(ge = V) + Z’YX,i5F,z‘,inPF,i,j
b (5)

+) veiXidi+ ) 7¢,iXi¢B,¢}dt + en(dJp — Apdt)

with the parabolic operator A given in its full grandeur in Appendix A, effective domestic collateral
rates vp; = Tg; — ri + Yx,; and Yy = Ty — 75 + vx,; and hedge error at own default ¢, :=
gB — V- Zij(l — RF,ij)Xi0F,i;Pr ;. The full proof is given in Appendix A.

To make the balance sheet dynamics (5) look more like its singe-currency equivalent in Kjaer [2]
we first express the funding strategy in terms of the funding weights wf; defined via the relation

Ori;j XiPrij; = —wf;(V+H¢+H¢). The funding constraint implies Zij w5 =1 and w.l.o.g. we set
one of the weights to one the others to zero if V—|—H¢+Hw = 0. Similarly we define collateral weights
wf and w;f/) by X;¢; =: w?qzﬁd and X;¢p; =: w?’qﬂ% where ¢? := ", X;¢; and ¢ := >, X;9p,; and
the two sets of weights sum to one. With this new notation in place we can now rewrite (5) as

. oV . . . .
AV +10) = { S+ AV + Aplgs = V) + Aclge = V) = ven(V + 67+ uh) + 7650 + 70,505 pdt

+ Eh(dJB — /\Bdt)
(6)
with effective domestic risk-free rate yx,p :=rq+ ), j Wf;SX,i and effective collateral rates v4 g :=

> wfw@i and vy p = >, wg)'m,i, respectively. The effective risk-free rate depends on the pro-
portion of the total funding requirement raised in each currency and the magnitude of the cross
currency basis spreads. The single currency model by contrast only has one risk-free rate which
consequently does not depend on the funding strategy. The effective collateral rates depend on the
terms of the credit support annex in place between the bank and the counterparty.

4.2 Shareholder and firm values

The definitions of shareholder and firm values discussed at length in Kjaer [2] remain valid after the
extension to multiple currencies. Hence the partial differential equation satisfied by the shareholder
value V is obtained by setting all the d¢—terms in the balance sheet dynamics (6) to zero to ensure
it is self-financing to the shareholders while the bank is alive. We thus have that

ov . .
ot AV — (vx. 5+ Ap +A0)V = =Apgs — Acge — (Vo.r — 1x,5)0% — (V.2 — Vx.5)V% + Apen

A~

V(T,r,S,X,0,0)=H(r,S,X)
(7)
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which is very similar in form to the single currency equivalent in Kjaer [2]. Note that depending
on the funding strategy yx g may depend on ¢,7,5,X or even V itself so the PDE (7) may be
implicit.

The partial differential equation satisfied by the firm value VFV is obtained by removing the Apey,
term on the right hand side of (7). For the firm value to be symmetric between the bank and
the counterparty it must hold that (a) ¢p; = —t)c; for each currency i like in the single currency
economy, and (b) that both parties use the same currency mix in their respective funding strategies
such that their effective risk-free rates are equal.

4.3 Risk neutral dynamics

By the Feynman-Kac theorem the solution to (7) can be expressed in terms of an expectation E; []
with respect to a probability measure Q under which the short rates, spot asset prices and foreign
exchange rates evolve as

dSi(t) = {vs.:(t) = as.:(t) = ps, x,05.4(t, Si)oxi(t, Xi) }Si()dt + 053(t, S:) Si(£)dW &, (t)
dX;(t) = {vx,i — ri} Xi(t)dt + ox (1, Xi)Xi(t)de,i(t) (8)
d’l“i(t) = {am-(t, 7“1') - pXi,riUr,i(ta Ti)JX’Z‘(t, XZ)}dt + Uni(t, n)dWS(t)

where ng, Wgz and W;@Z are correlated Q-Wiener processes and a;(t, ;) := iy (¢, 73)—vri(t, 73) 073 (t, 75)
with I/M(f,m) being the market price of currency i interest rate risk defined in Equation (25) in
Appendix A. Moreover, under this probability measure Jp(t) and Jo(t) are independent Poisson
processes with intensities Ap and A¢, respectively. Compared to the single currency dynamics in
Kjaer [2] the drifts of foreign interest rates r; and spot assets S; contain quanto adjustments into

the domestic currency ¢ = d. The FX spot rate X; grows at the domestic rate vy ; rather than ry
which is due to the cross currency basis.

4.4 Reference values

The multi-currency reference value definition is somewhat complicated by the number of different
discounting curves available. To get started we let £ be an arbitrary domestic rate such that
s¢(t) = &(t) — rq(t) is deterministic. We then define the rate {-discounted domestic reference
value Véd to be the Feynman-Kac solution ng(t, 7,8, X) =E; [De(t, T)H (r(T),S(T), X(T))] to the
partial differential equation

d

01%
£ d d

VAT, r, S, X)=H(r,S, X).

(9)

The rationale for writing down the pricing Equation (9) for the domestic value ng regardless of
the payoff H is that it can be expressed in terms of the operator A and the rates of table 2. The



Bloomberg 12

OIS discounted reference values Kff“ is obtained by setting £(t) = 7vx,i,, where 4, is some reference
collateral currency (e.g. the one used by a particular clearing house).

The CSA discounted value Vdfl is obtained by setting § = 4 g. For the remainder of this paper we
allow multiple eligible currencies with full substitution rights. In this case 74 r = max; 74; where
the index i runs over the set of eligible currencies. It follows that s¢(t) = max;(s¢.i(t) + sx,i(t))
which is deterministic and allows us to construct a cheapest-to-deliver discounting curve 4 g can
be constructed up-front from its constituents.

5 Funding strategies and valuation adjustments

All but the very largest institutions would raise funding in a single currency so we adapt the single
bond strategy from Kjaer [2] by assuming the existence of a exactly one currency ir bond denoted
by Pr;, (we drop the seniority index j). Under these assumptions on the funding strategy and
the collateral accounts the funding constraint (4) takes the form

—XipéF,iFPF,iF = _V_(st_w% (10)
Our aim is to calculate the valuation adjustments over the OIS discounted reference value V4 :=

V;ffir defined in Section 4.4. As in the single currency model we write V =V, + COLV A + U and
Vv = Vrd + COLV A 4+ Upy where the Collateral Valuation Adjustment COLV A = ng — Vrd can

be written on integral form as

T
COLV A(t,r,S,X) = —E; [/t (Yo, E(1) — vx.i, (u))Dﬂ,Xﬂ.r (t,u)Vg(u,r(u), S(u), X (u))du| (11)

where the expectation is taken with respect to the measure Q introduced in Section 4.3. The spread
inside the integral contains the cross currency basis between the currencies prevailing cheapest to
deliver currency and i,. For counterparties without CSA we set Vdfl := V250 COLVA = 0 in this
case.

5.1 Shareholder value adjustment metrics

In Appendix B we prove that U = FCV A+ FV A+ MV A with the funding curve discounted credit,
funding and margin value adjustments given by

r pT

FOVA(tr,S,X) = —E, /t M) Dy g (1) (V) — gc(u))du} (12)
- T

FVA(t,r,S,X) = —E /t (VF(U)—’Y¢,E(U))D7F+Ac(taU)(Vf(u)+¢d(u))du] (13)
r rT

MvALnsx) - | | m(u)W,Ew))DyFHC(t,um%(u)du] (14)
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where vr 1= rF ;. — i +7x,ip is the effective domestic funding rate for currency ir. The valuation
adjustments (12) to (14) look very much like their single currency equivalents in Kjaer [2] except
that they use effective domestic funding and collateral rates which include cross currency basis
spreads. In Section 6 we provide interpretations for these valuation adjustments.

5.2 Firm value adjustment metrics

In Appendix B we prove that Upy = FIDCVA+ FIDDVA+ FVVMVA+ FVIMV A with
the first-to-default credit, first-to-default debit, firm value variation margin and firm value initial
margin value adjustments given by

FTDCV A(t,r,S,X) = —E :/tT )\C(U)D'YX,iF+>\B+>\C (t,u)(Vg(u) — gc(u))du] (15)
FTDDVA(t,r,S,X) = -—E; :/tT )\B(U)D’YX,iF+)\B+>\C (t,u)(Vdfl(u) - gB(u))du} (16)
FVVMVA@LrS.X) = - " (e () = 2650 Dy 2t 0) (V) + o))
FVIMVAGr 5 %) = B [ Oin ) = 180 Do rssrc ulibe] . (19

Again the valuation adjustments (15) to (18) look like their single currency equivalents in Kjaer [2]
except that the effective domestic risk-free rate yx g = vx,i, is used. We discuss any differences
further in Section 6.

6 Model interpretation

Many of the interpretations of the single currency results in Kjaer [2] remain valid for the multi-
currency model. There are also some new features that are unique to the multi-currency setup and
they are the focus of this section.

6.1 COLVA

The collateral valuation adjustment is still the difference in discounting between the OIS and CSA
discounted value and it can be implemented as a basis swap between the bank and the hedge
counterparty as described in Section 6 in Kjaer [2]. For COLV A to be non-zero in the single
currency setup the parties would have agreed on a collateral spread s4 in the credit support annex.
This changes in the multi-currency setup where COLV A becomes a cross currency basis swap
between currency i, and the cheapest to deliver collateral currency. It is necessary to set up this
basis swap to transform the cash flows from unsecured funding and counterparty collateral into
the currency of the hedge counterparty collateral.
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6.2 Shareholder value metrics

Similarly the F'V A now uses the effective funding spread vr — V¢ = SFip + Sx,ip — maxi(s¢,i¢ +
5x,i ¢) which remains deterministic but includes the cross currency basis between the funding cur-
rency ir and the cheapest to deliver collateral currency to reflect the cost or gain of transforming
funds between them. The same applies to the spread vr — 7y g used for the MV A. It follows
that it is possible to eliminate the basis spread dependence from the funding spreads if the funding
and collateral currencies are identical. All the shareholder value adjustments are discounted with
vE+ Ac as the hedging of the adjustments themselves use the same funding strategy as the risk-free
portfolio value Vqﬁl.

6.3 Firm value metrics

The firm value metrics also look very similar to their single currency counterparts in Kjaer [2]. One
major difference is that the effective domestic risk-free rate yx ;. is used for discounting rather
than r4. The dependence on the funding currency basis spread in the discounting implies that the
BCV A is only symmetric between the issuer and the counterparty if they use the same funding
strategy and currency, or equivalently, use the same risk-free rate. In the multi-curve setup of
Section 3 it is not equivalent to raise funds at the risk-free rate in one currency and swap into
domestic and raising funds in domestic currency directly.

Another difference is that the spread used for FVV MV A and FVIMV A now include cross cur-
rency basis spreads between the funding and collateral currencies.

6.4 Reporting currency invariance

We will conclude this section by discussing the dependency of the reporting currency. More specif-
ically assume that we embed a single currency ¢ economy in our multi-currency economy such that
(a) H(T‘, S, X) = XzHl(’I“Z,SZ), (b) i¢ = Z'w = iF = ’L'C = i, (C) gB = XigB,i and (d) gc = Xigcﬂ“ In
other words, all trade, collateral and repo account cash flows are denominated in currency i, and
closeout at default is determined in currency i. Under these assumptions we expect to be able to
calculate the reference value, shareholder and firm value metrics in a currency ¢ single currency
model and convert the results into domestic currency at the current spot exchange rate X;. In
particular we do not expect any of the results to depend on the cross currency basis spread sx ;.
That this is indeed the case is proved in Appendix D. We conclude by noting that if FTDCV A
and FTDDV A had used the domestic risk-free rate r4 rather than vx ;. for discounting then this
result would not have been true and these metrics would have shown a sensitivity to the cross
currency basis spread sx ;.

7 Model usage

The model we have developed so far is strictly speaking only valid under the following assumptions
laid out in Sections 3 to 6:
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1. Frictionless continuous time and amount trading.

2. All hedge assets are traded on a collateralised (or repo) basis.

@

The interest rates, spot assets and foreign exchange rates follow a multi-currency hybrid
one-factor IR and local volatility dynamics.

The market risk factors are independent of Jg and J¢.
Deterministic cross currency basis, funding, Libor-OIS, collateral and credit spreads.
Single bond funding strategy with a single funding currency used.

Full re-hypothecation of variation margin collateral.

© N> oA

Initial margin collateral is held by a default free third party custodian who pays the interest
on it.

9. The variation and initial margin accounts may have multiple (and different) eligible currencies
with full substitution rights.

10. No basis spreads between bank debt of different seniorities. Cross currency basis between
bank debt in different currencies.

11. Deterministic recovery rates for bank and counterparty debt and derivatives (these recovery
rates can be different).

As mentioned in Kjaer [2] the model can be extended to more asset classes and more advanced
market dynamics without affecting the structure of the valuation adjustments. Moreover, the
additivity property of Burgard and Kjaer [1] holds for the chosen funding strategy. Hence the
calculations presented in this paper can be applied per counterparty and the results aggregated to
book level.

8 Conclusion

We extended the results in Kjaer [2] for a single currency economy to include multi-currency trades,
funding and collateral. This extension is motivated by the fact that cross-currency basis spreads can
be of the same magnitude as bank funding spreads. The resulting valuation adjustment formulas
look very much like their single currency counterparts with the major difference that we have to
use effective funding and collateral spreads which include cross currency basis spreads. Another
difference compared to the single currency setup is that the firm value metrics including the bilateral
credit value adjustment should use the funding currency risk-free rate. All the shareholder value
and firm value adjustment metrics of Sections 5.1 and 5.2 have been implemented in the forthcoming
Bloomberg MARS XVA product.

The model developed in this paper could be used to derive valuation adjustments for more ad-
vanced multi-currency funding strategies. Other possible model extensions would be to introduce
stochastic credit, funding and cross currency basis spreads as well as introducing a devaluation
jump in the counterparty domicile currency upon default.
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A Details of the semi-replication

As described in Section 4 we consider the balance sheet of the bank consisting of the derivative
portfolio with economic value V- =V (t,7, S, X, Jg, Jo) and a hedge and funding portfolio II given
byH:HS—FHZ—FHX—FH(j—f—HF-FHd)-FHw with

IIs = Z Xi(05:S; + as,ifs.i)
i

Iz = Z X¢(5Z,1‘ZZ§) +aziB7:)
i

IIx = Z(CSX,iXiZZZl- + ax,ifx)
i

e = (dcPo + acfe)Xie

IIr = Z 0F,i i XiPrj
i’j

My = XiogiBpi
i

IL, = Z Xiow B,iBy.i
i

Our general aim is to choose the portfolio weights in a self-financing way such that V+II=0
in all scenarios but possibly bank default. By Section 3 all the assets except the bank bonds and
collateral(s) are financed via individual repo-accounts which implies the repo-constraints

05:S; + asifBs; =0
5Z,iZ7¥: *+azifzi =0
5X,iXiZTTj +ax,iBx; =0
0cPc + acBc =0

(19)

must hold for all times ¢ strictly before the counterparty default time. We next insert these repo-
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constraints into the relation V + II = 0 and obtain the funding constraint

V + T+ 10y + Iy = 0 (20)

which must also hold before bank default.

Next we want to compute the balance sheet dynamics d(V + II). Tto’s Lemma for general semi-
martingales combined with the dynamics (1) gives us the dynamics of the derivative portfolio
as

~ v
oV § : § : X+ § 0 A A 21
dV = { o +A2v} dt + 8 dr + d 5, dS + AVpdJg + AVedJe  (21)

where As := Ags + Axx + Arr + Asx + Agr + Axy with

1 A
= = - g.094(t,S; i(t,57)5iSj 5574
Ass = 3 ;jpsz,sﬂs,z( 5i)05,3(t, 55)Si 1 95;0S;
A = 1S sl X (05X, -
XX = g 7 PXLXGOXE SVTXG 2 5 X0 X,
82
A= 2 Z;pn,mffm(t ri)ord(bTi) g
62
Asx = 5 5 " o5, 0541 S (1 X)) S K 950X,
.J
1 o
Asr =5 D psir,05(t, 8)0ns (b 1) Sigas
Z7‘7
1 o
Axr = 5 D P, oxl Xi)on (t.1)Xi g
/[’7]
AVB '=9gB — 14
AVC =gc — V
Self financing and setting all cross-covariations [+, -] involving at least one (finite variation) account

process to zero yields dlI = dllg + dllz + dllx + dll¢ + dllp + dlls + dll,, with
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dlls = > (854(SidX; + X;dS; + d[X;, Si]) + asi(Bs:dXi + XidBs,i))
dilz = (Z 5Zvi(XidZZ;‘) + Z;{(z‘)dXi + d[Xi, ZZ,?]) + azi(XidBz; + 5Z,idXi))
dllx = (Z Oxi(XidZ[t + ZINdX; + d[X;, Z]H]) + ax,idﬁx,i>
i (22)

dlle = (6cdPe + acdBo) X, + (8¢ Pe + acBe)dX,.
dllp = Z(SFJ,j(XidPF’Z.,j + Py dX;)

ij
My =) 0gi(XidBoi + BidX:)

Ty =Yy p.o(XidBy i + By idXs).

Next we insert the repo-constraints (19) and the asset price dynamics (1) into (22) and expand the
cross-variation terms to obtain

dlls =Y X605 {dSi + (px,,5,0x,i05: — s + 45.4) Sidt}

A
To

dll; = ZXi(szﬂ' {dZZQ + (pXi,TiO'XJUMaT:i - riZf‘;)dt}

7

oz
dlx =) dx. {ZZ; dX; + X;dZ] + (PXeriOxi0mi—g, = = wX,iZZ;)Xidt}
7
dllg = 0c X Pp {(r¢ —~c)dt — (1 — Re)dJc}

dHF = Z 5F7i7]'PF_’,i,j {7’F7i7indt — (1 — RFﬂ',j)XidJB + dXZ}
i?j
Ay =Y ¢ {dX; + re; Xdt}

dﬂw = Z 1#371‘ {Xm + T¢7iXidt} .

7

Here ¢; := agiBs; and Yp; := ay Bife,; are the variation and initial margin balances in each
currency 4. By Ito’s lemma the bond prices ZTT’; evolve as

T 07,7 1, 0?7 077
AZ}3 (1) = | = (trit) + 507 (6 ra(0) =5 5 (6 ra(1) | db 4 =3 (8 ri() dri(1)

A

so d(V +1I) can be rewritten further as
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) ov oV 02, 07}
d(V +11) = { ’ -}dSi { 57X 4 i X ”}di
(V+1) Z:asi ’ +§¢: ar; T 0zt T OxiXi Ty
ov
+Z{8X ZTI‘FZéFz,j F2]+¢1+¢Bz}
. A ]
+{om-V- Z ~ R Xidri Py s
+ {90 =V = d0(1 = Re) X Pg }dJo
El%
+{ o +A2V+Zész (PX..5,0x,i05,i — Vs, + 4s,i) XiSi (23)
To 2 To To
r‘z 1 2 0°Z OZT‘,i To
+ZX5Z’L< 2 Ori or 2 +pXu7’zo-Xlo-7”l 87} 7TZZT,7L>
f% 1, 92 07} T T
+ZX 5X,( o1 5 T Ir 2 —|—PX TZO-XZUTETT"’ _rin,% - (PYX,’L - TZ)ZT;)
+6cXio Pg (re —7c) Zép,i,er,i,inP Fij
ij
+ Z GirpiXi + Z wB,iw,iXi}dt-
We can eliminate all the dS;, dr;, dX; and dJ¢o terms in (23) if we set
5oL oV
577X, 08,
1 GV
5X,i__ﬁ ) F2]+¢’+w32
! 24
07 = — 1 ial+5 833 ( )
Z8 = BZZ(Z.) X; Or; X or;
or;
S¢r = gc —V

(1— Ro)Xi. P

where we defer expanding dx ; inside the expression for dz; in order to simplify the remaining
algebra somewhat. Before proceeding we introduce the market price of currency ¢ interest rate risk

Tn 1 5 27 Tn In T,
T -+ 207, z(t ’/“JTS’Z + Hrg (t’ ’l“i) 87“71 B riZT»g
i) = R (25)

Org (t, ri) 871;2
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which we use to define the risk-adjusted interest rate drift a,; (¢, ;) := (ri(t,75) — vpi(t, ri)ori(t,74)).
We now insert the hedge ratios (24) into (23) and substitute a,; and dx; where applicable and
obtain

. ov ov
d(V+1I) = { 5 + AV + Z (78, — - pXi,SiUX,iUS,i)SiaiSi
ov
+ ;(am — PXirs UX,iO'r,i)%
+3 (i - i) X LA S (26)
' VX, — Ti)Ag GX + i Q;Z)BZ‘F Fz,] Fzg

J

+25F27]TF717]XPF’LJ+ZT¢aX¢Z+ZT¢ZX¢Z

7]

'c —7c Y _V_ P A8 P
+ < 1— RC ) (gC V)}dt + {gB V sz:(l RF,Z,])X’L(SF,Z,_]PFJ,,_]}dJB

In order to enhance the aesthetic appeal of the final result we introduce some further notation

0

= i —4s,i — PS;,x,05,(t, 5i)ox.i(t, Xi))Sima
As Z(Vs, as,i = Psixi 08t Si)oxi(t, Xa))Sige

0
Ax = Zi:(%{,z’ - Ti)XiaiAXi

0

A, = Z(ar,i(taﬁ PX“nUM(t Tl)UX it Xi ))67‘

2
A=A+ As+ A, + Ax
rc —1c
1— R¢
VFig = TFij + VX0 = Ti

Vi = Toi VX, — T
Vpyi = T T VX — T

Ao =

We are now in a position to write down the final version of the balance sheet dynamics as
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5 v - - _
d(V +1I) = {E + AV + Ac(ge = V) + Z VF,i,jOFij XiPp; ;
i,J
+ Z Vo,iXiti + Z W,z'XidJB,z'}dt (27)

+ {QB — V — Z(l — RF,i,j)XiéF,i,jPF,i,j}dJB~

,J

The no-basis condition (3) implies that vp; ; = vx,; + (1 — Rp;,j)Ap which we insert into (27) to
obtain

. ov - - o _
d(V +1I) = {E + AV + Ap(ge = V) + Ac(gc — V) + Z ’YXviéFaivaiPF,@j
.3

+ Z '7¢,ZXZ¢Z + Z %Z),iXin,i}dt

+ Gh(dJB — )\Bdt).

where we also defined the balance sheet hedge error at bank default as €, == gp —V — >, j(l -
Rp,ij)Xi0pi ;i Pr; ;-

B Derivation of the valuation adjustments

In this section we derive the shareholder and firm value adjustments. Since they apply strictly
before the default of any of the parties we write Py, ;= Pp; j from now on. Variation and initial
margin collateral allow multiple eligible currencies and has full substitution rights.

B.1 Shareholder value adjustments

We first insert the single bond strategy 6r;, X, Pri, = —V — ¢ — 1/1?3 into the balance sheet
dynamics (27) before setting the dt—terms to zero to obtain

v . A
5 TAV = +Ae)V = —Acge + (r — Yo,2)0" + (7 — 1y, )V (29)

A

V(T,r,S,X,0,0) = H(r, S, X).

The partial differential equation (29) is expressed directly in terms of the effective funding rate g
introduced in Section 5.1 rather than Ap. Next we insert the ansatz V = qul + U into (29) and

subtract g, EVg from both sides to obtain
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d

oV d d 4, U d d
5 TAVE — (F +A)VE =BV + 5 + AU = (r + Ac)U = —14.8V5 = Acge + (vF = 19)9

+ (VP — Y, B) V.
VA(T,r,8,X)+U(T,r,S,X)=H(r,S,X).

Recognising the PDE (9) with { = 4 g satisfied by Vg on the left hand side allows us to eliminate
terms, and after some algebra we get

oUu
— + AU = (vr + AU = AV = go) + (vr — v6,8) (V] + 67) + (7 — 74,8)05

ot (30)
U(T,r,S,X)=0.

Finally the Feynman-Kac theorem gives the solution U = FCVA + FVA + MV A where the
valuation adjustments are given in (12) to (14).

The integral formula for COLV A is proved in a similar fashion by inserting the ansatz V¢ =
V{ — COLV A into the PDE (9) with & = vx,.
B.2 Firm value adjustments

By Section 4.2 the firm value is given as the solution to the shareholder value PDE (29) with
ep, = 0. If we furthermore invoke the zero basis condition (3) then

Wiy
ot

+ AVey — (Yx.ip + A5 + Ao)Vev = —AgB — Acgc

— (V6.8 = VX,ip)® — (VB — VX,ir)UB (31)

VFV(T, r, 57 X>O70) = H(Tv Sv X)

The process of deriving the firm value adjustments is very similar to that of the shareholder value
adjustments in Section B.1. First the ansatz Viy = Vdfl + Upy is inserted into (31). Second 7y, Equl
is subtracted from both sides of the PDE and the PDE (9) with £ = v4 g is used to eliminate
terms. This yields

OUry
ot

+ AUpv — (7x,ip + A5 + M) Urv = Ap(VE — g5) + Ao (Vi — go)

— (Youp — Vxie)VE+ 0D = (g — w32

Upv(T, r, S, X) =0

so by the Feynman-Kac theorem Upy = FTDCVA+FTDCVA+FVMVV A+ FVIMV A where
the valuation adjustments are given in (15) to (18).
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C Multiple netting sets and CSAs

Until now we have assumed that all the trades belong to a single netting set and CSA. Like in
the single currency economy in Kjaer [2] we let k,[ denote the credit support annex and netting
set indices, respectively. Each CSA has effective curves vy g 1 and vy g1 for variation and initial
margin. As in the single currency model the closeout process is done per netting set and the
proceeds are additive so it holds that gp = ), g and gc = >, gc;. Applying the semi-replication
arguments of Section A to these boundary conditions and give the shareholder value as

V= Z o+ Z COLV A + Z FCV A+ Z FV A+ Z MV Ay

with VTdk being the OIS discounted value per CSA which uses the curve vx ;, , and

T
COLV Ay, (tv r, S, X) = —E, / (7¢ E k( ) ~ VXir i (u))D’YX,iT’k (t7 u)vdgi,k (u)du]

T
FCVAl(tvr’ SaX) = —E, /t “/F-ch(t u)(vqbl( ) gC,l(u))du]

.

FVAk(t’T’ SvX) = —E; /t ’7¢Ek( ))D'YF+)\C (ta u)(vqgl,k(u) + ¢g(u)>du:|

T
MV Ag(t,r, S, X) = —E; /t — Y, Bk (U ))D7F+/\c(t7u)¢%,k(u)du:| -

Similarly the firm value is given by
Vev = > V%4> COLVA+Y FTDCVA+Y FTDDVA+Y FVVMVA+Y FVIMV A,
k k l l k k

with COLV Ay, given above and

T

FTDCVAl(t7 r, S7 X) = —E; )\C(U)DWX,iFJr)\BJr)\C (ta u)(vdgi,l(u) - gC,l(u))du]

~

FTDDV Ay(t,r, S, X) = —E; AB(W) Doy, iapiae(t,w) (Vi (w) — g a(u))du

FVVMV Ai(t,r, S, X) = —E; (Vxip (1) — ’Y¢,E7k(u))D’7X,z‘F+/\B+)\C (t, u)(Vﬁk(u) + ¢g(u))du:|

T
FVIMVA(t,r, S, X) = —E,

(rx.ip (u) — ’yvavk(u))D'YX,iF +Apt+rc (b, u)¢%,k (u)du:| :
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D Reporting currency invariance

In this section we embed a single currency ¢ economy in our multi-currency economy such that
(a) H(r,S,X) = X;Hi(ri,5;), (b) ir =ic =1, (¢) Vo,5 = Vs, and Y5 = Yy (d) 9B = Xigp,
and (e) gc = Xigc,. From this setup it also follows that ¢4 = X;¢; and w% = X;¢p;. Our
aim is to insert the assumptions (a) to (d) and the ansatz V (¢, r, S, X,0,0) = X;(t)Vi(t, 74, S;,0,0)
into the shareholder value PDE (7) and simplify. First, assumptions (a) to (d) combined with
the single currency ¢ funding strategy yields a hedge error of the form ¢, = Xjep; with €,; =
9B, — VZ — (1 — Rp;)0piPr;. Second, it is straightforward but somewhat tedious to show that
.A(Xif/i) = X; A,V + (vxi — Ti)XiVi with the single currency operator A; defined by

Y IR Y A (. r)os (. 8)Si =2
i = 70g.:\l, 05 Or i\l T4 riOri\ly T3 )08, =
279 0S? or? PSisrs S 0S;0r;

0
+ (185 — 4s:)Sig g

+api(t 7“)i
S, " o

Third, the funding strategy implies that Z - Sx,i0Fi i XiPrij = —Xi(yx,i — rd)(ffi + ¢i + ¢¥B.i).
Inserting what we have got so far into the PDE (7) and re-arranging some terms yield

ov; . ) X
Xit 4+ XiAVi — XiriVi + Xi(vxi — ra)Vi — XiAs + Ao)Vi = =X \gn.i — Xidcgo

Ot
— Xi(rgi —ri)pi — Xi(rys — 1) Xitbp i
+ Xi(vxi — 1) Vi + Xidpen,
XZ‘A/Z(T> Ti, Sia Oa O) = Xsz(ru S’L)

Next we can divide both sides by X; so it is clear that V; is the solution to the partial differential
equation

Vi . .
En Vi—(ri+ A+ Ac)Vi = —ABgB,i — Acgci — (e, — i) di

— (ryi —13)¥Bi + AB€n (33)

‘A/l(T7 T, Si7 Oa 0) = Hi('ria 57,)
We recognise that (33) is identical to the single currency economy shareholder value differential

equation in Kjaer [2] so V; may be decomposed into smgle currency valuation adjustments. By
setting €j,; = 0 we can do the same for the firm value VFV =X; VFV i-
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