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[bookmark: _Toc73483038]INTRODUCTION
Our research is devoted to the FX futures pricing in a negative interest rates environment. As a result, it could be stated that it lies at the intersection of the two broad topics of (a) financial markets and (b) Central Banks monetary policy, which are studied with reference to specific type of derivative contract, which price is directly dependent on interbank interest rates. The relevance and importance of our research is proved by recent trends in interest rates policy in such currency zones as Eurozone, Japan, and Switzerland, where negative interest rates policy was adopted in the period from 2015 to 2016 years. 
Generally, negative interest rates are adopted by Central Banks to (a) initiate rebalancing of asset portfolios held by financial institutions towards greater portion of higher-yielding assets in portfolio structure and/or (b) to counter global demand for domestic currency, because strengthening of this currency may be threatening for the export-oriented economies. This process of transition of main world economies into negative interest rates is not yet finalized: in 2020, Bank of England announced it could possibly adopt negative interest rates policy[footnoteRef:1], thus Great Britain could become effectively the fourth currency zone with negative interest rates. [1:  Bank of England. Monetary Policy Summary and minutes of the Monetary
Policy Committee meeting ending on 3 February 2021. p. 11
https://www.bankofengland.co.uk/-/media/boe/files/monetary-policy-summary-and-minutes/2021/february-2021.pdf, ] 

The attention of researchers that was paid to negative interest rates was, basically, concentrated into two areas: (a) long-term effects of negative interest rates at the economy growth and, as a second option, (b) behavior of market participants under negative interest rates environment. 
The essential feature of negative interest rates is that it is no more possible to directly and without additional adjustment measure time value of money in terms of interest accrued through provision of borrowing or interest paid in lending transactions: in the most simplistic understanding, economies with negative interest rates borrower is paid for lending, while the lenger pays for providing the loan. This situation, though, is not as counterintuitive as it might seemed to be. If we look at the other characteristics of the monetary policy, it becomes obvious that lending at the negative rates makes sense if the lender suffer losses for decision not to provide the loan and this loss is higher than the loss accumulated via negative interest rate bearing loan. We will look into such details later, when we outline monetary policy in each of the mentioned currency zones: Japan, Switzerland and Eurozone. 
Moving further, from the monetary policy to the FX futures,  we have to a outline why negative interest rates create a problem for FX derivatives futures pricing in general and what possibilities design of FX future contract provide to us.
First, the nature of the derivatives contracts (if implemented for non-speculative purposes) is the reduction of risk. With respect to FX derivatives, reduced risk is a currency risk, or the risk of exposure to the fluctuations in the FX rate. This reduction, in FX derivatives, is performed with aggreement of the parameters of FX rate to be purchased in the future. In case of FX options, price is paid for the possibility to purchase foreign currency at a pre-agreed FX rate in the future, in case of FX futures, price is paid for the obligation to purchase FX currency in the future. But what makes FX futures more convenient for analysis than FX options, is that theoretical price could be calculated relatively straightforward and deviations from the theoretical price could be studied.  
Because in both cases the purchase of the foreign currency occurs in the future, the time value of money will influence the price of the contract. For example, in case of FX future purchase, buyer will receive foreing currency later, he/she will forego the possibility to lend foreign currency in the foreign interbank market, but will have the possibility to lend domestic currency in the domestic interbank market. Thus, the FX future price, expressed as a special type of FX rate, is either lower than the underlying FX rate (in case currency purchased bear higher interbank interest rate than domestic currency), or higher (in case foreing rates are lower than the domestic ones). Thus, time value of money plays crucial role in FX futures pricing, and is incorporated into FX future pricing formula.
At the same time, at the time when FX futures were introduced, no economy had negative interbank interest rates. Given that with respect to negative interest rate, so called «zero lower bound» effect is found[footnoteRef:2], the effect of negative interbank interest rates on FX futures pricing may be not as direct as in case of the pricing of FX futures, where both currencies have positive interbank interest rates.  [2:  «Zero lower bound» effect is observed when negative interest rates, if applied by Central Bank to the current account balances held at Centrak Bank by financial institutions, are frequently not fully passed-through to private clients in case of bank deposits.] 

Currently, total monthly trade volume of FX derivatives (futures, forwards and options) is higher than 2.4 USD trillion[footnoteRef:3]. And, what is also interesting, up to now studies of the pricing of FX derivatives on japanese yen, euro and swiss franc are made without explicit referencing to the nature of monetary policy in these currency zones. [3:  Monthly trade volume of FX derivatives on currencies with negative domestic interbank interest rates: Japanese Yen, Swiss Franc and Euro is USD 650 billion, makes about 20-27% of total FX derivatives monthly trade volume] 



Thus, we want to state that:
The relevancy of the research is proved by the (a) small amount of prior research conducted on FX derivatives with respect to the negative interest rates; (b) total share of FX derivatives on currencies with negative domestic interbank rates; (c) the relative novelty of negative interbank interest rates, as a monetary policy tool, and (d) expressed interest in implementation of the mentioned policy tool from another major economy (i.e. Great Britain) and possibility for continuation of this trend in the future.
The managerial application of the research could be proven by (a) necessity of market participants (both financial and non-financial institutions) to engage in hedging currency risk, and (b) the role which major economies in a currency zones with negative interbank rates play in the world economy. Thus, understanding of the drivers of the pricing of derivative contracts that reference these currencies is crucial for efficient hedging currency risk.
Taking into account mentioned facts, we could define our Research subject as FX futures on currencies, where at least one currency has negative interest rate applicable for interbank ledning in the this currency and Research Goal as identification of the drivers of pricing of FX futures on currencies with negative domestic interbank interest rates, performed via analysis of the deviations of FX futures prices from the theoretical values.
To perform our research, we have to (a) identify relevant FX future contracts, (b) collect data on the chosen contracts, (c) identify which other features of FX futures prices, besides from deviation from theoretical value, attracted researchers’ attention previously, (d) to study the current features of monetary policy in currency zones with negative domestic interbank rates: types of interest rates applied, their levels, influence on interbank lending rates, other monetary policy tools (asset purchases, etc.), (e) identify interest rates applicable for FX futures valuation purposes, calculate theoretical values of FX futures prices and compare them with the prices of exchange-traded contract , (f) test a set of defined hypotheses on the chosen set of FX futures, and, finally, (g) come up to conclusions on the structural aspects of FX futures pricing in a negative interest rates environment.
Main hypotheses tested were broken down by the principle of referencing one of the two components in FX forward pricing formula: FX spot rate and interest rate and include identification of applicability of Interbank Offered rates (LIBOR and EURIBOR) for the valuation of FX futures, sensitivity of FX futures prices to LIBOR rate announcement, influence of correlation between interest rates and FX spot rate to the FX future over/underpricing and other hypotheses.


[bookmark: _Toc73483039]Chapter 1.
[bookmark: _Toc73483040]1.1. STATEMENT OF RESEARCH PROBLEM
[bookmark: _Toc73483041]1.1.1. Relevance of currency risk hedging
Management of FX volatility was cited as one of the top-3 «strategic challenges for treasury organisations», along with «managing liquidity and improving data quality», as reported by Deloitte in it’s Corporate Treasury survey[footnoteRef:4]. Additionally, Wells Fargo provided separate report devoted specifically to FX risk management. Results reported are in line with Deloitte’s results: respondents also reported currency risk as a topic of their concern, especially given the FX volatility in 2020: 38% more respondents “expressed greater concern about FX risk management” in 2020 compared with the previous year[footnoteRef:5]. Given that results from both of the studies were collected from companies from different sectors: 208 companies from 6 industries[footnoteRef:6] in Deloitte’s and 175 respondents from 6 industries[footnoteRef:7] in Wells Fargo’s reports, we could conclude that interest for FX risk management is common for the companies in various industries. The key reason for such demand is the exposure of Cash Flows from the operations of companies’ subsidiaries in different currency zones, to the currency risk.  [4:  Deloitte. 2019 Global Treasury Survey. A journey toward adoption of new technology]  [5:  2020 Foreign Exchange Risk Management Survey]  [6:  Consumer and industrial products; Energy & resources; Financial Services; Technology, media & Telecom; Life Sciences and Healthcare; Public sector]  [7:  Manufacturing, Technology, Wholesale Trade, Retail, Healthcare, Energy] 

Basically, we could state that the overall exposure of the company to the FX risk is not directly linked with the flows of revenue in foreign currency: part of the FX risk is reduced if costs of production are nominated in the same currency as revenue, another part could be eliminated by having part of the corporate debt in foreign currency. But, unfortunately, such types of «natural hedge» does not provide full protection of corporate Cash Flows against FX rates fluctuation. 

[bookmark: _Toc73483042]1.1.2. OTC and exchange-traded derivatives
Hedging of this part of FX risk could performed by two different ways:
Bying OTC (over-the-counter) derivatives from the counterparty, usually market-making investment bank,
Buying contract at the exchange. 
All benefits of each of the types of derivatives (OTC or exchange traded) arise due to the feature of standardization: at the exchange-traded contracts such parameters as maturity, volume, margin, minimum price fluctuation are stated as contract parameters and are usually not revised. OTC contracts, on the other hand, could have non-standard parameters, but are less liquid (could not be easily sold)  than exchange-traded ones. Statistics shows us that OTC derivatives market prevail in terms of traded volumes for 9 currencies which contribute 89%/93% of trading volume in FX forwards/futures markets and 84%/76% of trading volume in FX OTC/exchange-traded options respectively. For the chosen currencies, as could be seen from the graph, trading volume concentrated in OTC market is 6.6 times higher for FX futures and 30.6 times higher for FX options.
Figure 1. FX futures, forwards and options average daily turnover by currency at 2020, USD bln.
	[image: ]


Source: Bank for International Settlements Statistics (BIS)[footnoteRef:8] [8:  BIS. Derivatives statistics. https://stats.bis.org/statx/toc/DER.html ] 

But several features, that also making FX risk management an important topic for research, hindering us from using OTC forwards data as inputs for our analysis and move our attention to FX futures:
FX rates volatility, being important factor, requires analysis of data with high update frequency, i.e. daily (24h update frequency) closing prices are irrelevant and may not show us important relationships;
Non-standard features of contracts may require additional efforts for pre-analysis and pre-classification of contracts by collateral types, maturity dates and, even having such analysis performed, space for non-relevance of potential research findings still present;
OTC transactions data is reported in standardized way and key parameters, which may contribute to the contract pricing, may not be reported.
Mentioned factors are crucial for all studies on influence of interest rates and FX spot rates (common pricing parameters included in pricing formulas of both FX futures/forwards and FX options), which are subject to significant changes during the trading day and imply that the best possible option will be to limit the scope of our research to exchange traded contracts (i.e. FX futures and not FX forwards) only. 
Next important decision is about the exchange, which trading data is appropriate for analysis and which could be used as a source of input data. In this choice, we also relied on the available derivatives transactions data published by BIS.
Figure 2. FX futures and options daily average turnover by location of exchange, USD bln
	[image: ]


Source: Bank for International Settlements Statistics (BIS)
Among the derivatives exchanges with significant trading volumes in FX derivatives, International Monetary Market, part of CME group, is the most prevalent[footnoteRef:9]. Thus, we decided to focus our attention at the instruments traded at this exchange, because greater liquidity means that the prices are watched out by greater number of participants and all inefficiencies disappear fast enough to contribute to the validity of findings. [9:  As reported by FIA, CME group is ranked at 2nd place in the «Top 40 derivatives exchanges worldwide». Exchange at the 1st position is National Stock Exchange of India. It gained +57% of trade volume (in number of contracts) in 1 year and this could be perceived as unprecedented event. Thus, we decided to rely at the exchange at the second position.
Source: FIA. 2019 Market Data - Derivatives volume grows BRIC by BRIC. March, 2020. https://www.fia.org/marketvoice/articles/2019-market-data-derivatives-volume-grows-bric-bric ] 

We also want to outline reasons why FX futures and not FX options are within the scope of our analysis: in FX options, we have several inputs to apply to get the theoretical value of the contract: interest rate, spot rate, strike price, time until expiration and volatility. Unfortunately, 1 parameter, volatility, out of 4 is subject to market estimation and not observed as directly as others. That is why most studies on options pricing are concentrated on implied volatility. In FX futures we have to know only spot rate and interest rate to get the theoretical value of the contract. All of these parameters are directly observed and could be applied for valuation. Hence, we could focus not on implied volatility, but to study the deviation (if any) of observed market price of the contract from it’s theoretical value.


[bookmark: _Toc73483043]1.2. FX FORWARD PRICING MODEL AND IT’S INHERENT ASSUMPTIONS
[bookmark: _Toc73483044]1.2.1 FX forward pricing formula
Following classic definition, we could state that FX future is exchange-traded product, agreement to buy or sell an asset at a future time for a certain price[footnoteRef:10]. [10:  FRM ® Exam part I. Financial Markets and Products. 2020. P. 84 ] 

FX futures are priced taking into account current FX rate and time value of money. Time value of money, in case of FX transactions, is linked to the interest rate which could be earned in either one or another currency in a currency pair. The formula which links interest rates charged in each of the currency pairs with the spot rate is:
FX future = , or    
FX future  = FX , where
FX: spot rate at the time of contract purchase;
rb: risk-free interest rate in base currency (exchanged currency);
rq: risk-free interest rate earned in quote currency (currency to be acquired);
t: time until expiration, expressed as a fraction of year.
The theoretical value of the contract provides the single price of the contract which, given the  possibility of investor to (a) immediately exchange cash at the spot market and invest in foreign interest rate, (b) invest cash in base currency at the domestic interbank rate, (c) enter into both short and long position in FX future, provides, no arbitrage possibility for market participant. In our calculations we decided to use the second type of formula, as suggested by Hull, J. In reality, though, futures contracts have rather short live (rarely exceeds 180 days) for the difference between continuous compounding (exponential type of formula) and simple compounding to be meaningful[footnoteRef:11]. [11:  Observed difference between contract prices calculated with either one of the approaches is significantly less than 0.5 basis points] 


[bookmark: _Toc73483045]1.2.3 Arbitrage argument
We are going to demonstrate the classic example used to show the validity of pricing formula. In our calculations we use real data from our sample. This could be interesting to see that some deviations from theoretical value are possible even at the most liquid exchanges, but during the proof procedure we can also derive important inherent assumptions in pricing formula used. Such assumptions are rarely mentioned in the literature, but we deem them as crucial.  
Case 1. Overpriced FX future
At 19.10.2020, 0:00:00, March CHF/USD future had closing price of 1.1088, while spot was traded at 1.09697. Given the number of days until expiration of 147 and interbank interest rates at -0.7400% for CHF and 0.2375% for USD[footnoteRef:12], theoretical value of FX future is given as 1.101297[footnoteRef:13] and hence actual price of exchange-traded contract deviates from the theoretical value by + 68.1 b.p.[footnoteRef:14], which is unusually large deviation, one of the largest observed by us in our sample: given the contract size of 125 000 CHF, this deviation is equivalent to 1028.82 CHF. [12:  -0.74%: interpolated rate. At 19.10.2020 3m LIBOR CHF quoted at -0.7624% and 6m LIBOR CHF quoted at -0.7270%. Linear interpolation gives us: -0.7400% = -0.7624% + (-0.7270% - (-0.7624%))*(147-90)/(180-90). Calculations for USD rate are made by applying the same principle.]  [13:  1.09697* exp((0.2375% - -0.7400%)*(147/365))) = 1.101297]  [14:   – 1)* 10 000.] 

In these circumstanes of FX future overpricing we could perform following actions from the point of view of US investor:
At 19th October:
Borrow 137 531.13 USD at 0.2375%. Hence, 137 762.7 USD are to be paid at 15th of March;
Purchase 125 373 CHF (at existing spot rate);
Inter into Swiss interbank market and lend 125 373 CHF at -0.7400%. Hence, 125 000 CHF are to be received at 15th of March;
Sell FX future at existing rate of 1.1088: equivalent to acquire obligation to sell 125 000 CHF at 1.1088 rate (exactly equal to the amount to be received from Swiss interbank market);
At 15th of March:
Receive 125 000 CHF;
Deliver 125 000 CHF at the pre-agreed rate of 1.1088. Receive 138 600[footnoteRef:15] USD in exchange of delivered CHF; [15:  125 000 CHF * 1.1088] 

Pay 137 662.7 USD under loan obligation;
Net profit: 138 600 received – 137 662.7 delivered = 937.32 USD.


Case 2. Underpriced FX future
In case of underpriced FX future all transactions could be «inverted»: 
at the trade date:
Borrow foreign currency, 
Convert it into domestic currency at the spot rate
Enter into domestic interbank market and lend domestic currency
Buy FX future at existing rate;
At the contract expiration date:
Receive domestic currency with accrued interest
Receive foreign currency at FX future rate
Repay foreign currency loan
As we could see, FX future underpricing cause arbitrageurs to buy contract and overpricing cause arbitrageurs to sell contract. That creates pressure to the market and, theoretically, deviation from theoretical price should thus converge to zero. But if we look closer to the actions performed, we could see the following problems: (a) the interbank market for the loans with term greater than overnight should exist, (b) it should be liquid enough to absorb huge demand and supply[footnoteRef:16], (c) for researcher, rates at which institutions really lend each other in non-overnight market should be observable and applicable for the valuation of contracts.  That is why review of interest rates is crucial for our analysis. [16:  Observed arbitrage opportunity of 937.12 USD is small for institutional traders and, to fully uncover this opportunity, they could perform the same actions, but in significantly larger scales] 


[bookmark: _Toc73483046]1.2.4. Risk-free rates
Countered the ordinary definition of risk free rate as a zero-coupon rate on bonds of the local government in the local currency, futures market participants rely on other risk-free rates. The reason is that arbitrage argument is valid as long as market participant are able not only to lend money at risk-free rate, but also to borrow. Given that almost no market participants could borrow in local currencies at the interest rate on government bonds, another source of risk-free rate is needed. Historically, interbank lending rates are used for these purposes, but several problems arise in practice:
Arbitrage argument implies that it is possible to enter into short-term (maturity from 1 day up to 1 year) interbank lending market in the local currency zone;
Published interest rates are representative as true borrowing and lending rate for each of the market participants;
In reality, though, these assumption does not hold even in the most developed economies such as USA, Switzerland, Japan, etc, especially following the financial crisis of 2008. The reasons are as follows[footnoteRef:17]: [17:  Adopted from ISDA. «IBOR Transition Guide for Asia». July, 2020. http://assets.isda.org/media/7b78f06e/202e9dcd-pdf/ ] 

First, interbank rates are quoted as «offered» rates (rates at which banks are ready to provide lending to each other) and not always derived from the actual transactions;
Second, interbank rates are intended to measure cost of funding within the pre-defined set of banks («panel»), i.e. it is relevant when one bank within the panel provides loan to the other bank witrhin the panel. With respect to the financial markets, it creates a problem, because institutional traders, having different credit ratings, could access financing at the rates higher than the IBOR, but have to provide risk-free loans at the rate close to the IBOR.
Third, term structure of risk-free rates creates non-even distribution of liquidity among the yield-curve: for example, even if within the trade day only overnight loans were provided, IBOR is still quoted for the whole yield curve. Thus, rates for the loans with maturity higher than overnight are essentially artificial and not derived from the actual transactions, thus providing only supply, but not demand side of the market.
Nevertheless, even in the presence of the following problems, IBOR rates are still used for derivatives valuation and IBOR rates are also extensively used in interest rates derivatives[footnoteRef:18] . The most prominent worldwide accepted benchmark is LIBOR, London Interbank Offered Rate, submitted by 16 financial institutions with high credit ratings and provided in 5 currencies. It is «normally published for each currency and tenor combination at 11:55 am London time on each applicable London business day»[footnoteRef:19]. The following banks makes the whole list of panel banks for each of the currencies: [18:  As reported by ISDA, in the US, interest rate derivatives trade volume is dominated by USD LIBOR (on average, >40% of total month trade volume) and EURIBOR (around 20%). 
Source: ISDA. Adoption of RFRs: Major Developments in 2021. April, 2021.
https://www.isda.org/a/MzFTE/Adoption-of-RFRs-Major-Developments-in-2021.pdf ]  [19:  Intercontinental Exchange. «LIBOR®». February, 2021. https://www.theice.com/iba/libor] 

	Table 1. List of Panel banks for London Interbank Offered Rate (LIBOR) for each of the quoted currencies

	Bank / Currency
	USD
	GBP
	EUR
	CHF
	JPY

	Bank of America N.A. (London Branch)
	+
	
	
	
	

	Barclays Bank plc
	+
	+
	+
	+
	+

	BNP Paribas SA (London Branch)
	
	+
	
	
	

	Citibank N.A. (London Branch)
	+
	+
	+
	+
	

	Cooperatieve Rabobank U.A.
	+
	+
	+
	
	

	Crédit Agricole Corporate & Investment Bank
	+
	+
	
	
	

	Credit Suisse AG (London Branch)
	+
	
	+
	+
	

	Deutsche Bank AG (London Branch)
	+
	+
	+
	+
	+

	HSBC Bank plc
	+
	+
	+
	+
	+

	JPMorgan Chase Bank, N.A. (London Branch)
	+
	+
	+
	+
	+

	Lloyds Bank plc
	+
	+
	+
	+
	+

	Mizuho Bank, Ltd.
	
	+
	+
	
	+

	MUFG Bank, Ltd
	+
	+
	+
	+
	+

	National Westminster Bank plc
	+
	+
	+
	+
	+

	Royal Bank of Canada
	+
	+
	+
	
	

	Santander UK Plc
	
	+
	+
	
	

	SMBC Bank International plc
	+
	
	
	
	+

	Société Générale (London Branch)
	
	+
	+
	+
	+

	The Norinchukin Bank
	+
	
	
	
	+

	UBS AG
	+
	+
	+
	+
	+

	Number of banks for each currency
	16
	16
	15
	11
	12


The problems mentioned with the usage of LIBOR rate for the FX futures valuation are conceptually solved if another approach, called OIS discounting, is used for the valuation.
The core idea of OIS discounting is using the expected cumulative interest accrued through the lending/borrowing during the life of the contract as the discount rate for FX future valuation.
OIS (Overnight Index Swap) is 
interest rate swap in which a fixed rate of interest is exchanged for a floating rate that is the geometric mean of a daily overnight rate. The calculation of the payment on the floating side is designed to replicate the aggregate interest that would be earned from rolling over a sequence daily loans at the overnight rate.[footnoteRef:20] [20:  Hull, J. White, A. LIBOR vs. OIS: The Derivatives Discounting Dilemma. 2012. Journal Of Investment Management, Vol. 11, No.3, 14-27] 

If we assume that on average swap contract provides no return to both the seller, or market-maker, and buyer, than the fixed leg of the swap is equal to the cumulative expected value of overnight rate during the term of the contract. It could be concluded, that it makes economic sense to use OIS rates for the valuation of FX futures if traditional interbank loan is expected to be replaced by a set of overnight loans, which are rolled every trade day during the term of the contract and where the amount of the loan is constant. Additionally, the total incurred interest on this loan could be known in advance, if market participant choose to hedge his overnight rate exposure by purchasing OIS.
If we express OIS discounting as a methodological substitution for the traditional interbank rate discounting, the following equation should holds[footnoteRef:21]: [21:  Act/365 day counting convention was used for illustration purposes only, in reality different conventions may be applied to both OIS and IBOR rates] 

where
 – fixed leg of OIS, expressed in percentages per annum,
 – number of bank days during the term of the contract, where cumulative interest is applied
 – number of non-banking days during the term of the contract, where simple interest is applied
 – expected spread over OIS, which is expected to reflect term component of replaced IBOR rate, may be different for different replaced terms.
 – substitution for «act/365», where actual number of days is expressed as the sum of bank and non-bank days
In reality, several things could lead to the deviation of the mentioned equation:
First, IBOR rate, as a term rate, has expectation component: if market participants expect interest rates to rise during the life of the loan, than long term rates should reflect this expectations
Second, OIS rate may be derived from actual transactions, where supply and demand both influence the price, while IBOR is (in general) quoted from demand side only;
Third,  overnight rate in many currency zones (e.g., Switzerland) is based on secured lending, while LIBOR is by definition unsecured lending rate;
Another conceptual aspect worthful to mention is that FX future contracts are short-term: among the most liquid contracts in CME, none in our sample have the life longer then 180 days. It is not long enough for the OIS discounting rate, calculated with cumulative interest[footnoteRef:22] to become significantly higher than the , or «simple discounting». We will show the difference in calculations for RUB/USD FX future. [22:  see power of “bd” in the equation] 








Figure 3. Difference between theoretical price of RUB/USD FX future calculated with  simple discounting and OIS discounting
	[image: ]

	Source: Author’s calculations


Generally, we could state, that even if Russian Ruble overnight rate (higher than 4% p.a. at the time of calculation) is higher than any other overnight rate in the chosen currency zones, the difference between OIS discounting and simple discounting is sufficiently small and could be ignored for the FX futures valuation purposes.
Later we see that for USD, GBP, JPY and CHF, observed FX futures prices are closer to their theoretical values computed using LIBOR rates than to the their theoretical values computed using OIS rates.
[bookmark: _Toc73483047]1.2.5 FX futures and FX forwards
Another meaningful aspect of FX future is it’s relation with FX forwards. FX forwards provide market participants the same possibility to acquire asset in the future at a pre-determined FX rate, but traded in OTC market rather than in exchange. The key events during the lifetime of a contract are summarized in the table below:


Table 2. Key events during the lifetime of FX future and FX forward held to expriration
	Stage
	FX rate/ base rate/ quote rate / t (in years)[footnoteRef:23] [23:  All rates and values are artificial and are used for illustration purposes only] 

	FX Forward theor. value
	Events
	Margin account balance

	
	
	
	FX future
	FX forward
	

	Contract purchase
	1/5%/7%/0.25
	0.995086[footnoteRef:24] [24:  0.995086 = 1 *] 

	Buyer increases his margin account by 0.4
	Buyer increases his initial margin or collateral account by 0.4
	0.40000[footnoteRef:25] [25:  Initial margin is assumed to be 40%] 


	Contract live
	1.2/4.95%/7.1%/0.15
	1.196170
	Difference between FX future settlement price at t1 and t2 is transferred to the margin account balance[footnoteRef:26] [26:  In our simplified example we assumed that settlement price is equal to the theoretical value, but in reality deviations are possible] 

	-
	0.60108

	Contract before expiration
	1.1/4.9%/6.9%/0.01
	1.009780
	Difference between FX future settlement price at t2 and t3 is transferred to the margin account balance
	-
	0.41469


	Contract expiration
	1.1/4.9%/6.9%/0.00
	1.100000
	Asset is delivered to the buyer at the settlement price of 0.995086[footnoteRef:27]  [27:  See Hull, J. Options, Futures and Other Derivatives. P. 39. «The final settlement price is set equal to the spot price of the underlying asset at either the open or close of trading on that day»] 

	Asset is delivered to the buyer at the settlement price of 0.995086
	0.50491

	Total gain
	0.104914
	0.104914
	-



Using this model and following Hull, we could state several key features of FX futures as opposed to FX forwards: it is presence of daily settlement to reduce credit risk and a pre-specified delivery date[footnoteRef:28]. [28:  Ibid. p. 43] 

But, as could be seen from the table, the variation in daily margin, being the different between future prices at different days, is subject to risk of changes in interest rates and spot rate. But this variation could not be predicted in advance. Given this, market participants used to price FX futures using the same pricing formula as for FX forwards and no special widespread formula specifically for FX futures exists.

Having stated that the universe of interest rates, theoretically applicable for FX futures’ valuation consists of quoted Interbank Offered Rates and OIS rates, we should take care of further application of these rates for our calculations. We have determined that the interest rates which are used by market participants for FX futures valuation are designed to reflect real incurred interest on borrowing and lending and may differ from either LIBOR or EURIBOR or OIS or all other quoted rates, depending from market circumstances and credit quality of the borrower. 
Hence, theoretically, to value FX futures correctly, we need to know both the structure of market participants in the FX futures market, and their borrowing costs in each of the currencies. This information is closed and could not be obtained anywhere on a regularly updated basis. 
Thus we need to take into account that for the purposes of our research, we should test applicability of both LIBOR rates and OIS rates, but should keep in mind that, if some deviations of FX future price from it’s theoretical value are observed, than these deviations may or may not  represent arbitrage opportunity. For example, such systematical deviations may represent the situation, when LIBOR or OIS interest rate differs from interest rate, applied by market participant.


[bookmark: _Toc73483048]1.3. REVIEW OF EMPIRICAL STUDIES
The scope of our research is acknowledgement of key pricing drivers of FX futures under negative interest rates environment. Thus, literature relevant for ous research covers either (a) various topics of futures pricing (not necessarily on FX futures), or (b) interest rates policy of Central Banks. Proper review of existing approaches and findings on two mentioned topics could help us to set right research goals, questions and hypotheses. They are presented immediately after the Literature review.
Futures pricing attracts researchers’ attention from various different points, depending on whether the theoretical price of the contract could be directly calculated (stock index and FX futures) or not (commodity futures). In case of non-ability to calculate theoretical price of the contract, not the deviation from the theoretical value, but another parameters are studied. For example, futures’ prices volatility with regard to some behavioral context of pricing could be within the scope of analysis. In the work «The time‐to‐maturity pattern of futures price sensitivity to news» by Phan H-L. and Zurbruegg R., authors studied how the volatility of 12 commodity futures is related to the  daily number of news on underlying asset value, where (in the number of days until expiration) this volatility[footnoteRef:29] is concentrated and whether this concentration varies between different "clusters" of underlying commodities. Given the broad time range from 2003-2014 and data with 5 min update frequency, authors were able to study quick price changes. Authors found, that [29:  Volatility was measured as a sum of squared log changes in future price, , and sensitivity as ] 

· Volatility changes over the life of the contract and tends to follow inverted u-shaped pattern: peak of volatility lies in a certain number of days until expiration[footnoteRef:30]; [30:  Phan H‐L, Zurbruegg R. The time‐to‐maturity pattern of futures price sensitivity to news. Journal of Futures Markets. 2020; 40:126–144 P. 127] 

· Concentration of volatility is different in different commodity «clusters»: «…for example, the price-to-maturity for metals (gold, silver, and copper) occur much further away from the maturity date of their contracts relative to the energy futures of crude oil and natural gas. One reason why there are differences can be due to variations in the type of traders that are active across the commodity contracts»[footnoteRef:31]; [31:  Ibid. P. 138] 

· Open Interest and Daily volume also have inverted U-shaped pattern: largest values of these parameters are concentrated around the middle of the contract live;
· Year-over-year, peak of volatility concentration tends to occur in a greater number of days until expiration;
This sheds the light that even in the absence of uniformly-agreed theoretical price, future contracts may attract researchers’ attention.
In case if theoretical price of the contract could be directly revealed, additional aspect, namely deviation of the contract price from theoretical value, could be studied. This literature tends to concentrate on FX futures, where both the underlying asset value and cost of carry are directly revealed: underlying asset as a FX spot rate and cost of carry as a differential of interbank interest rates, as stated in the formula presented in the chapters before. Given the deviation, researchers’ attention is generally paid on either (a) predictability of FX spot return given the short-term mispricing of FX future[footnoteRef:32] or (b) reasons for the observed deviation. For the latter case, extensive attention is also paid to forward contracts. They are available for the longer maturities and their pricing is more straightforward than that for the exchange-traded future with daily settlement routines mentioned above. [32:  This predictability is frequently referred as a «price development». One of the most common explanations of reliability of such predictions is that the concentration of professional traders in futures markets is higher and spot market participants tend to follow direction, observed in a futures markets. ] 

As an example of the first type of literature, we could mention work «Can skewness of the futures‐spot basis predict currency spot returns?» by Jiang X., Lyian H., Libo Y. Having the FX future sample consisted of such currencies as AUD, GBP, CAD, EUR, JPY, CHF, they found evidences that support specific theory: «In sum, the skewness[footnoteRef:33] of the futures‐spot basis exhibits statistically significant in‐sample predictability for subsequent spot returns, indicating that an increase in skewness of the futures‐spot basis can lead to a decrease in next‐period spot returns»[footnoteRef:34]. Nevertheless, the predictability was different for different currencies, highest for JPY (R2 = 8%), GBP (R2 = 3.66%) and EUR (R2 = 6.24%), medium for CAD (R2 = 3.92%) and almost zero predictability for AUD (R2 = 0.99%), results for CHF were statistically insignificant. While authors deemed results as «not so outstanding», we think that low values of R2 are explainable because monthly changes of FX spot were regressed versus observed skewness, calculated in a 3-months rolling window. This introduces large uncertainty into both explained variable (FX spot monthly return) and observed skewness, because many factors may influence spot return during even 1 month or even 1 week period and market participants could rely on different methods of skewness calculation, not only 3-months rolling window. [33:  Because, in theory, all movements in spot prices are already incorporated into the price of the future contract, positive skewness in basis means that FX future price delta is positively biased. This bias, while does not mean overpricing, does mean that over specific time period up movements were both more frequent and more strong than down movements in prices. This could mean that either buying pressure were higher, or future price simply reacted to rapid changes in spot.]  [34:  Jiang X, Han L, Yin L. Can skewness of the futures‐spot basis predict currency spot returns? Journal of Futures Markets. 2019; 39:1435–1449, P. 1439] 

As an example of the second type of literature, more relevant for us, we could mention two different works. Both of them has similar conclusions for the practical studies of the FX futures mispicing. The first one, «Beyond basis basics: Leverage demand and deviations from the law of one price» by Hazelkorn T., Moskowitz T., and Vasudevan K. contains critical review of assumptions behind classic future pricing model, which implies that as soon as actual future price deviated from it’s theoretical value, arbitrage is possible. The logic of authors relies on directly observable, quantifiable and testable hypotheses and contains following propositions:
If simple classic arbitrage model is true, then 
overpriced FX future (positive deviation) lead to long spot positions, i.e. buying foreign currency to invest at foreign short-term market and 
underpriced FX future (negative deviation) lead to short spot positions, i.e. investing at the domestic short-term market, having borrowed money at the foreign short-term market.
And thus, as a first hypothesis, deviation and spot demand are negatively related;
· If the deviation reflects higher borrowing costs for arbitrageurs, then it could exist without elimination and without effect on the spot market, i.e., as a second hypothesis, correlation between spot return and deviation is zero;
· If the deviation reflects global movements in capital, deviation is positively related with Net foreign investments in domestic currency: in a countries with high foreign investment inflows, foreign investors are subject to market risk and thus willing to hedge by purchasing FX futures, thus driving future prices above theoretical value. «This currency hedging motive predicts that, as a third hypothesis, currencies of economies with a positive (negative) Net IIP [International Investment Positioning – Author] have strong buying (selling) demand in currency derivatives markets, resulting in a more (less) positive basis»[footnoteRef:35]. [35:  Hazelkorn T., Moskowitz T., and Vasudevan K. Beyond basis basics: Leverage demand and deviations from the law of one price. National Bureau Of Economic Research. 2020; Working Paper 26773, P.25] 

Following hypotheses were tested on the FX futures trading data from 1989 to 2017. Results showed that simple classic model (1 hypothesis) does not incorporate two aspects:
change in interest charged during futures mispricing due to increased demand by arbitrageurs. Funding costs for arbitrageurs may deviate from risk-free interbank lending rates, i.e. the 2nd hypothesis does holds, and 
global movements in capital as a proxies for FX spot demand lead to a increased FX exposure and creates sufficient demand for hedging, i.e. 3rd hypothesis does holds.
Having the sufficient range of data, this research highlights the impact of supply and demand for lending and for future contracts as significant sources of future price deviation, but does not takes into account the minor movements in deviation, which are frequent (as we will show later) for many FX futures. Also, authors have not taken into account the direct demand for FX futures, while this study could be conducted using data from actual transactions instead of hedging proxies, such as Net International Investment Positioning data, disclosed only once a year. Also, this research could be challenged methologically by the following aspects: the total trade volume observed in FX futures and FX spot market are (a) quite different: spot market is more liquid and thus demand which arise from FX futures mispricing could be quickly absorpted into spot market and thus left unmeasured, and (b) the ratio of FX futures-to-FX spot trade volumes may be different over the sample in the research (1987 to 2017) because of the developments of the world economy and the dynamics of this ratio were not presented.
Another research on the same topic of FX derivatives price deviation from the theoretical value was conducted using the long-term forwards prices instead of exchange-traded futures. The work «The failure of covered interest parity: FX hedging demand and costly balance sheets»[footnoteRef:36] explains how collateral requirements in OTC FX derivatives imposes pressure on market-makers and transferred into FX forward prices: « For USD/JPY, for example, our estimates indicate that over $1 trillion in FX collateral is tied up to support FX hedging activity. Managing this risk introduces a marginal cost of being on the supply side of FX hedges, which is priced into FX derivatives as a result»[footnoteRef:37]. Authors state that for the covered interest parity to hold, two assumptions have to be satisfied: «Interest rates matter only to the extent that investors from jurisdictions with low domestic yields  [36:  Borio C., Iqbal M. McCauley R., McGuire P., Sushko V. The failure of covered interest parity: FX hedging demand and costly balance sheets. 2018; BIS Working Papers. №590]  [37:  Ibid. P.1] 

a) choose to invest in higher yielding foreign currency assets and 
b) hedge the associated currency risk using FX forwards, FX swaps, or cross-currency swaps. 
Absent a) and b), the levels of yields would not contribute to CIP [Covered Interest Parity – Author] violations»[footnoteRef:38]. So, every type of inefficiencies in the market that may prevent market participants either to receive exactly the foreign interest rate (after conversion of home currency in the FX spot market) and hedge this risk by buying forward/future contracts at exactly theoretical value, will cause fail of equality between observed and theoretical price for FX forward. This is quite important practical objection to the simple classic pricing model. In this work, the core driver of inefficiency was chosen as «FX hedging demand», proxied by the value of net foreign-currency liabilities, e.g. bond issues, held at balance sheets (1) by banks and (2) by corporations, as reported in BIS international banking statistics and BIS international debt securities statistics. As said by authors, «Corporates can also go through cross-currency markets to swap out of cheap foreign currency funding into the USD and vice-versa. For these types of swap market users, the currency basis represents the cost of putting on a currency hedge. We will refer to these exogenous flows as «FX hedging demand»[footnoteRef:39].  [38:  Ibid. P.6]  [39:  Ibid. P. 9] 

Authors conclude that «We provide robust empirical evidence that our measures of FX hedging demand are first order drivers of the persistent level of CIP deviations. The underlying frictions that make CIP deviations respond to changes in FX hedging demand are specific to FX derivatives markets, which are predominantly OTC. The associated premia for the cost of provisioning for market and counterparty risks of FX derivatives exposures, undertaken to clear FX hedging demand, are priced into the forward exchange rates, taking them out of line with CIP»[footnoteRef:40]. While this work sheds the light on practical issues that arise from the demand pressure on the derivatives pricing, we should mention that the data on explanatory variables (FX hedging demand as net foreign currency liabilities) has a frequency of 1 quarter and also may be reported in a way that introduces significant rounding (likewise BIS data on foreign currency liabilities which was used for this research). These problems were not adressed directly in the work, while they present significant challenges for the statistical modeling.  [40:  Ibid. P. 29] 


During our review, it was determined that futures markets attract attention for various reasons, but to gain the full understanding of the broad topics of FX future behavior under negative rates environment, review of another set of literature is required. We found three works specifically on a market variables behavior during transmission of interest rates into negative territory: one study concentrates at the Japanese market, another at the Eurozone. 
For the Japanese market, author Ito T. made the following conclusions: negative rate cause market participants to believe that when interbank lending rates target is already negative, the is lesser «space» available for further reduction and alternative monetary policy measures are playing the greater role. With respect to Japan, interest rate policy from 2009 to 2018 was changed three times in terms of operating targets: from 2009 to 2013 Bank of Japan stated interbank rate as one of the key operating targets and asset purchase program was used for implementation; from 2013 to 2016, stated that increasing attention will be paid to the monetary base control; after, having introduced negative interbank rate target, Central Bank, to ensure greater "comfort" of market participants over interest rate, introduced precise values of maturities for government bonds, yields for which are of great control by the Central Bank and changed operating target from interbank rate to current account balances. 
Author sees two major effects of the level of interest rates and observed expectation of overnight rate over different maturities:
· First, the relation between negative level of interbank target and type of communication by Central Bank: with less space for interest rate target reduction, more attention is paid to communication of more precise operating targets, expressed as values with understandable characteristics: exact instrument, e.g. government bond, exact maturity and exact target (but still allowing for minor deviations). 
· Second, having officially changed target from interbank lending rate to the monetary base, Central Bank introduced more volatility in interbank rate expectation: «Massive easing policies by the BOJ [Bank of Japan, Central Bank of Japan – Author] cause an anomaly in the yield curve of the short-term money market. One cause of this anomaly is that the BOJ changes the operating target from the overnight interest rate to the current account balance... The degree of uncertainty is increased with the introduction of the negative interest rate policy. It is concluded that the quantitative and qualitative easing policy and the negative interest rate policy paralyze the market function in the short-term money market»[footnoteRef:41].  [41:  Ito T. Transmission of monetary policy expectations on the money markets: Comparative analysis of nontraditional monetary policy regimes in Japan. Journal of Corporate Accounting and Finance. 2019;30: 48–53. P.53] 

In other words, author wanted to say that while long-term targets (such as yield on 10-year zero-coupon government bonds) were in control, that was made in excess for the money market yields, where significant fluctuation was observed.
Another meaningful study with respect to Japan was conducted by Miayo and Okimoto[footnoteRef:42]. It was devoted to the long-term (up to 36 months) effect of monetary policy decision “style” on FX exchange rate, government bond yields, inflation and other macroeconomic factors. According to authors, during the sample period (2001 – 2016) Bank of Japan implemented two different styles of monetary policy, which author calls non-aggressive (2001-May 2013) and aggressive (April 2013- 2016), following the announcement of “Quantitaive and Qualitative Easing policy” [footnoteRef:43]. [42:  Miyao R, Okimoto T. Regime shifts in the effects of Japan’s unconventional monetary policies. The Manchester School. 2020;88]  [43:  Having studied author’s arguments we also could characterise current monetary policy in Japan as “aggressive”. Author’s conclusions are made purely on the given sample and thus are not restrictuve for us.] 

Author lists some commonly accepted measures of quantitative easing as base rate manipulation and government bond purchase. Alternatively, qualitative measures are likely to influence other components of the interest rates structure: term and credit premium. In Japan it is realised via purchase of CPs, corporate bonds and even ETFs. But what truly distinguishes policy defined by author as “aggressive” is two completely different measures:
· Forward guidance, defined as «clearly spelling out conditions that need to be met before any tightening could be considered»[footnoteRef:44]. [44:  Miyao R, Okimoto T. Regime shifts in the effects of Japan’s unconventional monetary policies. The Manchester School. 2020;88: p. 752.] 

· Open-ended commitments: performing monetary policy actions (e.g., open market operations) without linkage to a pre-specified timeframe, but in accordance with a previously announced goals (e.g., precise inflation rate or monetary base values).
Author concludes that Central Bank’s monetary policy decisions coupled with aggressive “style” of communication of it’s goals tend to have more long-lasting effect on FX rate and bond yields: « the clear statement by the BOJ that it would continue with the program as long as necessary to achieve the 2% inflation target likely shaped market expectations in a way that contributed to a more long-lasting decline in government bond yields, higher stock prices, and a greater depreciation of the yen»[footnoteRef:45]. For our research we could expect different effect of Central Bank’s monetary policy on both FX future price components: (a) FX rate and (b) interest rate. But whether this effect is structurally different in economies with negative and with positive interbank rates is unknown for us. [45:  Ibid. p.768] 

From the other hand, market responces tend to be «short-lived» and «they can be hard to detect based on daily or lower-frequency data»[footnoteRef:46] i.e. the effect of monetary policy announcements is usually incorporated into asset price within an announcement trading day. That point was the starting one for the study of effect of economic indicators announcement on equity and bond market, where Author, Huang X., used high-frequency data for analysis. Having mentioned the inverse effect of good news[footnoteRef:47] announcement (e.g. increase of the non-farm-payroll rate, reflecting the rise in the number of workers in non-farm and non-government sectors) on equity prices (usually, upward effect) and bond prices (usually, downward effect due to portfolio reallocation), author states that the transition of this purely theoretical relation to actual bond priced changes is practically constrained by «Zero Lower Bound», which «limits the range of the discount rate movement, so bond market volatility can be constrained as well»[footnoteRef:48] and the majority of economic indicators variables  «lose their significance in explaining bond market volatility»[footnoteRef:49]. Having that Author used high-frequency data (5 min update frequency) these findings are of high influence on our research, but could not be directly extrapolated from non-monetary policy events (economic indicators announcement) to monetary policy events (e.g., interest rate decision), where the influence of base rate change to interbank market rate (variable of primary interest for us) is more or less direct. Nevertheless, the idea of measuring the effect of changes in market expectations on asset prices is relevant for our research and we will elaborate on how to express expectations in quantitative terms and apply them on FX futures prices, taking into account short-term effect of the most announcements. [46:  Huang X. Macroeconomic news announcements, systemic risk, financial market volatility, and jumps. J Futures Markets. 2018;38: p.514]  [47:  Author defines “good” or “bad” news by referring whether values were higher than the market consensus expectation, expressed in polls.]  [48:  Ibid. p. 530]  [49:  Ibid.] 

Study of monetary policy transmission in the Eurozone is presented in «Global financial market impact of the announcement of the ECB’s asset purchase programme»[footnoteRef:50]. Analyzing the data on government bond yield, stock indices and FX exchange rates of 39 major trade partners of Europe, authors supported the hypothesis that asset purchases intended to lower interest rates in Eurozone lead to capital outflows: «Our results suggest that the APP [Asset Purchase Programes – Samara K.] announcements caused a broad-based depreciation of the euro vis-à-vis its major trading partners. In nominal effective terms against the euro area’s major 39 trading partners, the euro depreciated by 6.4% cumulatively[footnoteRef:51] in response to APP-related news. Overall, the depreciation of the euro was less pronounced against advanced economies (−5.7%) than against emerging market economies (−7.4%)»[footnoteRef:52]. Also, another interesting effect was observed: economies with larger trade flows with Europe experienced lower capital inflows proxied by higher FX rates against Euro, lower bond yields and higher stock indices. This is explained by higher dependence of local business cycles to European cycles, thus, investors who invest in trade partners of Europe are less diversified, ceteris paribus. [50:  Georgiadis G., Gräb J. Global financial market impact of the announcement of the ECB’s asset purchase programmeю Journal of Financial Stability. 2016; 26 257–265]  [51:  Effect was measured during the period from September, 2014 to January, 2015, when ECB made many monetary policy announcements and when EONIA first time ever entered negative rate territory, thus monetary policy communication was crucial: authors have counted 14 monetary policy-related events during mentioned 5-month period.]  [52:  Ibid. P. 259] 


Similar study was performed by Lee J and Ryu D, but with respect to KOSPI 200 (South Korea Stock Index) option-implied volatility. The data frequency was 15 min. The time period before, during and after announcement of kay indicators (incl. policy interest rate, which is of our interest) was studied. Key conclusions, applicable for our research, are as follows:
Monetary policy decisions announcements significantly affect implied volatility of Index options during and after announcement
[bookmark: _Hlk67955656]«the increases in implied volatility stemming from macroeconomic news announcements appear to be greater for policy rate hikes than for policy rate cuts»[footnoteRef:53]. [53:  Lee J, Ryu D. The impacts of public news announcements on intraday implied volatility dynamics. J Futures Markets. 2019;39: p. 659] 

«the mean trading volume [in KOSPI 200 options – Samara K.] is lower on announcement days than on nonannouncement days and suggesting that traders temporarily reduce their trading volumes immediately following macroeconomic news announcements»[footnoteRef:54]. [54:  Ibid. p. 662] 

For monetary policy announcements made during trading time, effect on implied volatility lasts for approximately 15 minutes, but not much longer.

We want to express main findings of literature review as a specific points:
There are studies devoted to the deviation of contracts from their theoretical value. Among most interesting factors for deviation, listed by correspondent authors are:
· Hedging demand, proxied by either outstanding liabilities in foreign currency or International Investment Positioning data;
· Non-representativeness of risk-free rate as a proxy for real borrowing/lending rate to perform arbitrage transactions;
· We also can conclude that the value of other derivative contracts, that are substitutes for FX futures or linked to hedging demand, also influences FX futures;
· Some portion of FX futures overpricing is attributable to the FX spot rate development expectations: FX futures markets tend to attract more professional investors and thus spot markets, while having higher trade volume, may pay attention at the FX futures markets;
Currency pairs studied by us are also widely researched by academics, but mostly with USD as a base currency;
None or almost none of the researches studied whether FX futures where at least one currency has correspondent negative interbank rates are priced in different manner than the other contracts. This creates significant research gap to be filled by us;
Negative interest rates as a attribute of a specific monetary policy, in some circumstances expose money market interest rates (used for FX futures pricing) under an increasing fluctuations;
Monetary policy announcements are a major source of changes in FX market. Some announcements drive capital flows in a certain direction, thus creating increased FX exposure and likely to result in increase in hedging demand. Spikes in either FX futures prices or trading volumes may be expected during announcements.

Having concluded our Literature review, we want to say that we face several problems to be solved:
desired frequency of data to be collected should be (a) higher than daily to study relevant average daily prices (rarely comparable to the daily close prices) and (b) allow us to see the range of possible deviations of FX futures from theoretical price. We decided on 30-minutes data as a good trade off between representativeness and computing power constraints;
relevant economic indicators used as explanatory variables should be available with sufficient frequency (not quarterly or monthly) and without significant rounding;
study of the effect of market expectations is challenging in terms of defining quantifiable variables: having collected data on many FX futures, it would be difficult to both collect results for FX polls and CB monetary decisions forecasts consensus and to extrapolate some observed deviations on particular prices of particular contracts at the defined exchange – in this case we will face many problems with the validity of the results. Hence, another, more direct measure of interest rate/FX rate expectations change should be used by us, if any. We decide to adopt changes in OIS differential as a proxy for the changes in interest rate expectations because it is direct in computation and could be easily explained and adopted in research.


[bookmark: _Toc73483049]1.4. STATEMENT OF RESEARCH QUESTION, GOAL AND HYPOTHESES
[bookmark: _Toc73483050]Based on information provided above, we could now define our research question, goal, hypotheses and outline research method needed to achieve goal.
[bookmark: _Toc73483051]1.4.1. Definition of research question and research goal
Research question could be defined as:
What are the main determinants of pricing FX futures with negative applicable interest rates compared with FX futures with positive applicable interest rates?
Research goal could be defined as:
Identification of the drivers of pricing of FX futures on currencies with negative domestic interbank interest rates, performed via analysis of the deviations of FX futures prices from the theoretical values.

[bookmark: _Toc73483052]1.4.2. Research hypotheses
To come up with the meaningful results, not only hypotheses that directly reference “negative” nature of the interest rates will be tested, but also the hypotheses, that are aimed to study general characteristics of the chosen FX future contracts. Thus, we grouped the full set of hypotheses into the “Categories”, according to the nature of the relationships they help us to study.
	Hypothesys
	Category
	Description

	
	Negative rates
	Price behavior
	

	Interest rates

	IBOR applicability
	+
	
	Rates used for FX futures pricing are closer to LIBOR and EURIBOR rates than for OIS rates for GBP, USD, CHF, JPY and EUR.
For every contract in the sample where currency has quoted IBOR rate (LIBOR or EURIBOR), average price deviation with IBOR as discount rate is lower than the average price deviation with OIS rates as discount rates


	LIBOR sensitivity
	
	+
	Market participants adjust FX futures prices at the time of LIBOR rate announcement
For every contract in the sample,at the time of LIBOR rate announcement adjusted price is closer to the theoretical value which includes interest rate adjustment than to the theoretical value that does not include interest rate adjustment.

	OIS delta vs daily price deviation
	
	+
	Deviations that lasts significantly long to affect daily average prices, are partly caused by rapid changes in market expectation of future path of monetary policy
For every contract in the sample, changes in OIS rates differential (independent variable), when regressed against daily deviation averages (dependent variable), are statistically significant

	Implied risk-free rate
	+
	
	Market participants are either (a) use another risk-free rates rather than LIBOR or (b) charge premium to the quoted LIBOR rate
Implied risk-free rates for CHF, JPY and EUR are different from JPY LIBOR, CHF LIBOR and EURIBOR.

	Zero lower bound or deposit rates
	+
	
	Market participants does not apply negative rates for borrowing and lending, but use 0%  as a relevent rate because of the possibility not to lend at negative interest rates.
0% rate, when applied as a risk-free rate, provide lower deviation of contracts from theoretical value than LIBOR or OIS rates

	IRD 3m vs FX spot
	
	+
	Long-lasting deviations could be explained by positive correlation between FX spot rate and Interest Rate Differential (IRD)
For every currency in the sample with consistent overpricing/undepricing, positive/negativee value of correlation between 3-month IRD and FX spot rate is observed.

	FX Spot rate

	FX delta st. dev – FX future trade volume
	
	+
	Observed difference in FX spot rate, calculated for each of the 30-minutes periods, affects the deviation of FX future prices from it’s theoretical value.
Regression of the delta of FX spot rate, expressed in the number os standard deviations, if regressed against the observed deviations of FX future, yields stantistically significant results

	FX delta st. dev – FX future price deviation
	
	+
	Observed differences in FX spot rate, calculated for each of the 30-minutes periods, affects the FX future trading volume
Regression of the delta of FX spot rate, expressed in the number os standard deviations, if regressed against the FX trading volume in a number of contracts, yields stantistically significant results



Legend: Hypothesis formulation / Hypothesis operationalization (expressed in terms of specific variables)


[bookmark: _Toc73483053]1.4.3. Research method
To achieve our research goal, following steps will be implemented:
Step 1: FX future contracts traded at International Monetary Market will be grouped into 
“negative set”: contracts where at least one currency has negative 3m interbank interest rate (CHF, JPY, EUR), and 
“positive set” contracts where two cuurencies in a a pair have positive 3m interbank interest rate;
Step 2: The most liquid contracts within each group will be selected;
Step 3: Risk-free rates, applicable for the valuation of these contracts will be defined for each of the currencies;
Step 4: 
Theoretical price of the mentioned contracts will be calculated applying each of the defined risk-free rates at every possible combination of them. Observed difference between theoretical FX forward and observed FX future prices will be calculated and expressed in basis points via the following formula:
) -1) * 10 000, where
 close price for FX future contract, calculated each 30-minutes period;
 theoretical price for FX forward contract, calculated with linear interpolation applied to the chosen risk-free rates;
Observed deviations will be grouped into two sets of values: (a) deviations calculated at 30-minutes periods, and (b) daily deviations: average values of 30-minutes deviations, observed within the given day;
Decision on what risk-free rates are actually used by market participants will be made according to the calculations made;
Step 5: Conduct of the monetary policy within each of the currency zones within the scope of our research will be studied, monetary policy tools will be defined;
Step 6: Conclusions on: (a) risk-free rates, which are actually used by market participants for the valuation purposes, (b) the patterns in observed deviations, (c) main drivers behind observed deviations (see section on hypotheses) will be derived and summarized in descriptive statistics for each of the contract;
Step 7: Hypotheses selected will be tested according to the selected criterias, and the conlcusions will be derived for both the (a) individual contracts, and (b) chosen “negative” and “positive” sets;
Step 8: General conclusions will be derived and answer to the stated research question will be provied;



[bookmark: _Toc73483054]Chapter 2.
[bookmark: _Toc73483055]2.1. RESULTS OF PRICE CALCULATIONS AND OBSERVED PATTERNS OF PRICE DEVIATION
Following the defined steps 1 and 2, the following FX future contracts were chosen[footnoteRef:55]: [55:  Currencies are listed according to the ISO standards] 

Negative set: JPY/USD, GBP/JPY, CHF/USD, EUR/CHF, EUR/JPY, AUD/JPY, EUR/USD, EUR/GBP, GBP/CHF;
Positive set: RUB/USD, AUD/USD, CAD/USD, GBP/USD;
Within the chosen contracts, the following risk-free rates applicable for valuation were defined:
Table 3. Quoted risk-free rates applicable for the FX futures pricing in the chosen currency zones
	Currency
	Risk-free rates

	AUD
	OIS Cash rate*

	CAD
	OIS Canadian Overnight Repo Rate Average (CORRA)*

	CHF
	CHF LIBOR*, OIS Swiss Average Rate Overnight (SARON)

	EUR
	EUR LIBOR, EURIBOR*

	GBP
	GBP LIBOR*, OIS Sterling Overnight Interest Average (SONIA)

	JPY
	JPY LIBOR*, OIS Tokyo Overnight Average Rate (TONA)

	RUB
	OIS Ruble Overnight Interest Average (RUONIA)*, Mosprime rate

	USD
	LIBOR USD*, OIS Effective Federal Funds Rate (EFFR)

	Source: Author’s analysis
Legend: * - risk free rates that, when applied, provides least deviation of observed FX future price from it’s theoretical value and which is used in the further analysis

	


Generally, it could be stated that for some of the currencies for which IBOR rate is not quoted, only OIS on overnight rate is available, except for Russia, where «Mosprime rate» is quoted for different tenors and is also conceptually offered rate[footnoteRef:56]. [56:  Bank of Russia. « MosPrime Rate». https://www.cbr.ru/eng/hd_base/mosprime/ ] 


According to the results of calculations performed, it was determied that:
For currencies where LIBOR rate is quoted: USD, GBP, CHF, JPY: using LIBOR provides the most accurate estimation of FX future price: theoretical price, calculated using LIBOR rates, deviates less (compared with theoretical price calculated using other rates such as OIS) from observed price of exchange-traded contract;
Consequently, in the presence of LIBOR rate quoted for the currency, using OIS rates in discounting provide less accurate match of the theoretical FX forward price to the observed FX future price;
EURIBOR and EUR LIBOR rates are do not deviate significantly from each other and could be used interchangeable for FX futures valuation. Nevertheless, for currencies with EUR we preferred EURIBOR because it has more deep tradition than EUR LIBOR to be used as a benchmark in referencing derivative contracts and fixed income instruments.
That was possible to determine several patterns in price deviation from theoretical value:
Positive convergence / consistent overpricing: difference between exchange-traded-price and theoretical value (hereinafter referred as «deviation») is positive, but the deviation narrows as the FX future approaches it’s maturity;
Negative convergence / consistent underpricing: the same, but the difference is negative;
Wave: deviation varies from positive to negative during the life of the contract;
Zero deviation: on average, deviation is less than 1 b.p.[footnoteRef:57]; [57:  It was determined that such a small difference of 1 b.p. is even smaller than the bid-ask spread for the underlying currency pairs: typical spread in FX market is around 2 b.p.’s. Hence, if average value of deviation is less than 1 b.p., it could be concluded that contract is priced using exactly  chosen risk-free rates and under approach, which is similar to out approach.] 

Now we report general descriptive statistics as well as  direct presentation of  the pricing approach adopted.
2

By «price deviation» referenced in the title of the paragraph, we refer to the deviation of FX future price from theoretical price of FX forward, as calculated under approach defined earlier and clarified in the following table.  We also want to remind on previous statement that in this purpose we refer to the  «price deviation» as a useful metric to reference, but we do not imply that  this deviation provides arbitrage opportunity, because market participants could use other interest rates than any publicly quoted rate.
2

Table 4. Descriptive statistics
	 
	 
	Negative set
	 
	Reference set

	Underlying FX rate
	 
	JPY/USD
	GBP/JPY
	CHF/USD
	EUR/CHF
	EUR/JPY
	AUD/JPY
	EUR/USD
	EUR/GBP
	GBP/CHF
	 
	RUB/USD
	AUD/USD
	CAD/USD
	GBP/USD

	FX future settlement
	 
	Deliverable
	Deliverable
	Deliverable
	Deliverable
	Deliverable
	Deliverable
	Deliverable
	Deliverable
	Deliverable
	 
	Financial
	Deliverable
	Deliverable
	Deliverable

	№ of observations

	     in days
	-
	286
	271
	286
	280
	280
	258
	180
	180
	177
	 
	275
	286
	218
	147

	     in 30 min. periods
	-
	11744
	3005
	10162
	6004
	8016
	2641
	7511
	5053
	373
	 
	6680
	10941
	8206
	6406

	Price deviation


	Mean deviation from theoretical value 

	     30-minutes periods
	b.p.
	4,43
	-1,47
	1,31
	0,01
	-1,50
	-1,63
	1,25
	-0,43
	-0,51
	 
	1,45
	0,26
	1,55
	0,16

	     daily averages
	b.p.
	1,72
	-1,46
	1,23
	-0,02
	-0,97
	-1,61
	1,23
	-0,40
	-0,51
	 
	1,27
	0,28
	1,49
	0,17

	Standard deviation from daily average price

	     30-minutes periods
	b.p.
	1,38
	6,01
	1,87
	2,21
	2,92
	6,73
	0,67
	2,88
	6,09
	 
	7,72
	1,58
	1,89
	1,37

	Max/min deviation from theoretical value

	     30-minutes periods
	b.p.
	37,1 / -22,2
	41,7 / -70,3
	68,1 / -45,9
	25,4 / -17,7
	24,8 / -29,8
	59,8 / -43,9
	12,6 / -5,9
	31,7 / -38
	29,1 / -29,3
	 
	77,7 / -78,4
	31 / -30
	31,4 / -18,2
	23,8 / -19,1

	     daily averages
	b.p.
	26 / -0,3
	10,9 / -47,8
	68,1 / -23,2
	25,4 / -8,9
	0,7 / -7,2
	7,1 / -11,3
	8,4 / -0,5
	8,8 / -38
	10,3 / -17,8
	 
	25,6 / -7,5
	10,2 / -4,1
	11,3 / -1,1
	1,2 / -3,7

	Shape of daily deviation

	
	 
	pos conv
	neg conv
	pos conv
	zero dev
	neg conv
	neg conv
	pos conv
	zero dev
	zero dev
	 
	wave
	wave
	pos conv
	zero dev


Source: Author’s calculations
Legend: pos / neg conv: positive / negative convergence of price deviation to zero, 
zero dev: zero price deviation, 
wave:  price deviation changes from negative to positive several times


Table 5. Presentation of the model adopted for the calculation: EUR/CHF FX future example
	Trade data
	CHF LIBOR
	EURIBOR
	Deviation

	Date
	Time
	FX future price
	FX spot price
	Days until exp
	Min days
	Max days
	Min days rate
	Max days rate
	Interpolated CHF LIBOR
	…
	Interpolated EURIBOR
	Theoretical FX forward price
	Price deviation, b.p.
	Average daily deviation

	24.11.2020
	23:30:00
	0,9229349
	0,9229775
	20
	7
	30
	-0,8282%
	-0,8040%
	-0,814522%
	…
	-0,544391%
	0,923114152
	-1,94145639
	0,05178546

	24.11.2020
	23:00:00
	0,9228498
	0,9227220
	20
	7
	30
	-0,8282%
	-0,8040%
	-0,814522%
	…
	-0,544391%
	0,92285862
	-0,09598746
	0,05178546

	24.11.2020
	22:30:00
	0,9232758
	0,9231479
	20
	7
	30
	-0,8282%
	-0,8040%
	-0,814522%
	…
	-0,544391%
	0,92328459
	-0,09534852
	0,05178546

	

	08.10.2020
	17:30:00
	0,9276438
	0,9271707
	67
	60
	90
	-0,7618%
	-0,7600%
	-0,761380%
	…
	-0,516733%
	0,9275872
	0,60998389
	-0,46112820

	08.10.2020
	17:00:00
	0,9269559
	0,9266552
	67
	60
	90
	-0,7618%
	-0,7600%
	-0,761380%
	…
	-0,516733%
	0,92707147
	-1,24687729
	-0,46112820

	08.10.2020
	16:30:00
	0,9265265
	0,9261403
	67
	60
	90
	-0,7618%
	-0,7600%
	-0,761380%
	…
	-0,516733%
	0,92655631
	-0,32226914
	-0,46112820

	

	08.09.2020
	18:00:00
	0,9251550
	0,9246845
	97
	90
	180
	-0,7390%
	-0,6960%
	-0,735656%
	…
	-0,485744%
	0,92529878
	-1,55429438
	0,21497810

	08.09.2020
	17:30:00
	0,9249838
	0,9242571
	97
	90
	180
	-0,7390%
	-0,6960%
	-0,735656%
	…
	-0,485744%
	0,92487118
	1,21787398
	0,21497810

	08.09.2020
	17:00:00
	0,9246417
	0,9240863
	97
	90
	180
	-0,7390%
	-0,6960%
	-0,735656%
	…
	-0,485744%
	0,92470024
	-0,63308764
	0,21497810

	Source: Author’s calculations



	 Table 6. Dependence between FX future liquidity and it’s volatility around daily average price

	[image: ]
«Negative set» FX futures           «Reference set» FX futures


	Source: Author’s calculations


Now it is possible to derive some general conclusions. We want to express them with reference to the currencies in «Negative set» separately from the other currencies in the sample:
JPY: deviation of FX futures that reference JPY is within 3 basis points (in daily averages), but the underpricing of the FX future is consistent for either GBP/JPY, EUR/JPY, AUD/JPY contracts, or for JPY/USD contract: positive value of JPY/USD deviation could be interpreted as underpricing, because, differently from the other contracts, in this contract JPY acts as a base currency (quoted first, basically the currency purchased) and not quote currency (currency, in which other currency value is expressed). This difference of 3 basis points is small enough, but consistent, and, even if comparable with bid-ask spreads in FX spot rate, is still worthful for analysis. It is definetily important to define:
(a) risk-free rate implied in interbank transactions in JPY: see «implied risk-free rate» hypothesis;
(b) sensitivity of JPY contracts to the announcements of LIBOR rates: see «LIBOR sensitivity» hypothesis;
(c) correlation of GBP/JPY, EUR/JPY, AUD/JPY and JPY/USD (now in reversed variant) FX rates to the Interest rates differential[footnoteRef:58]; [58:  Interest rates differential is basically the «» component of FX future pricing formula] 

CHF: Swiss franc is viewed under three currency pairs, but, unfortunately, GBP/CHF FX future is not very liquid to be truly representative for our analysis. Neverteless, it is still worthful to define that EUR/CHF pricing shows the lowest possible deviation from theoretical price in our sample, while CHF/USD is generally overpriced. It may be explained by the control that the Swiss Central Bank, SNB, applies to the EUR/CHF FX spot rate via currency interventions, while USD/CHF FX spot is more liberalized and is more exposed to ordinary supply and demand forces of FX market. Also, the patterns of CHF/USD FX future price deviation shows interesting «step», i.e. at the start of trade, each contract (December, March and June) tends to be overpriced, while at the following periods, the price is close to the theoretical value. It could be seen in the Appendix 1 «Appendix 1. Graphical presentation of calculation results».
Figure 4. EUR/CHF and USD/CHF FX spot rates
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Source: Refinitiv Eikon
EUR: EUR/CHF and EUR/JPY FX futures were described above, but we could look at EUR under different currency pairs: namely EUR/USD and EUR/GBP. While EUR/GBP FX future generally does not deviates from the theoretical value, the deviation of EUR/USD looks strange, especially given that it is most liquid FX future traded at IMM [International Monetary Market]. Such deviations as observed in EUR/USD, should attract our attention. 
For other FX futures, in «reference set», we should state that the function of this set is not to be taken «as is», but to serve for us as a reference point for the behavior of «normal» FX future contracts. That means that we also test all our hypotheses on this set of contracts. It is worthful to mention, that there is no other interbank rates in RUB, CAD and AUD other than OIS on overnight rates, but contracts are still priced without very high deviations from theoretical values. 


[bookmark: _Toc73483056]2.2. ANALYSIS OF THE MONETARY POLICY IN THE CHOSEN CURRENCY ZONES
As suggested by our Research method, to move in our analysis further, we should identify basic features of monetary policy in the chosen currency zones. Only having determined them, we could move to the calculations and hypotheses testing.
[bookmark: _Toc73483057]2.2.1. Overview of interest rates
As it was said above, we know that interest rates, that are applied by market participants for the valuation of FX futures are, in general, different from any kind of quoted rates, with rare exception possible for only the banks which directly participate in the formation of LIBOR and EURIBOR. And we also know that the interest rates really used in FX futures pricing are not observable for the outer researcher for the following reasons: (a) volumes of non-overnight[footnoteRef:59] interbank lending are significantly lower than the volume of overnight interbank lending, (b) lack of any kind of established alternative for the LIBOR and EURIBOR. These are also the reasons why LIBOR and EURIBOR rates, even if quoted as «offered rates», i.e. reflecting only supply side of the market, still deserve our attention and that is why they will be applied for the valuation of FX futures. [59:  All interbank lending for the term greater than overnight] 

Moving further, we could remind that we distinguished all of the chosen FX futures into the «negatuve set», where at least 1 currency in a pair has negative interbank rate in it’s currency zone, and «reference set», where both of the currencies have positive interbank lending rates in it’s currency zones. What are the differences between interbank rates in Switzerland, Japan and Eurozone and all other currency zones, besides of their level? As we observed in the literature review section (see point of Ito, T. made in it’s paper reviewed above), already negative level of interest rates provides Central Banks lesser space for further use of interest rate reduction as a monetary policy tool, which creates less volatility in interest rates expectations. We also determined that there exist derivative contract, namely Overnight Index Swap, which could represent these expectations.
As we could see from the graph, for all currencies where domectic interbank rate was negative, during the period of 19.03.2019-16.03.2021, there were no significant drops in the 3-month expectations of overnight rate (the maximum drop was -0.25% for Switzerland), while for the US dollar, Canadian dollar and Australian dollar, the expectations drop by significantly higher amounts, expecting local Central Banks policy tightening. We could conclude, that the money market interest rates, being representatuve for FX futures valuation, could also be less volatile for the currencies zones where interbank rates are already negative. This is in line with conclusions of Ito T., reviewed above, that, given the negative level of interest rates, lesser space is available for further reduction. But we again should differentiate between observable interest rates (LIBOR, OIS, overnight) and unobservable (used for the valuation) interest rates and hence to state, that we expect less degree of expectations of volatility in interest rates for the rates used by the market participants, if there exist strong relationship (e.g. spread) between observed quoted rates (LIBOR, EURIBOR, etc.) and unobserved rates used by market participants.
Figure 5. 3 month OIS rates for 6 currencies in a sample
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Source: Refinitiv Eikon «Interest Rate Derivatives OTC» (IRDOTCSRCH)
[bookmark: _Toc73483058]2.2.2. Main tools of monetary policy in Switzerland, Japan, Eurozone
To move further in our analysis, we should identify what monetary policy tools are used by the Central Bank of Switzerland (SNB, Swiss National Bank), Eurozone (ECB, European Central Bank) and Japan (BoJ, Bank of Japan).
From the analysis performed it was determined that monetary policy tools in the chosen currency zones are basically within the classic set of (a) manipulation of interest rates paid on deposit accounts held by commercial banks at the Central Bank, (b) manipulation of Loan rate, at which Central Bank could provide the loan for commercial banks, (c) asset purchase programmes, (d) «forward guidances», i.e. direct statement of desirable features of the main economic parameters, (e) FX interventions (most rarely).
Even if the full set of monetary policy tools is relatively wide, we should differentiate tools that directly influence FX futures through changes in interbank interest rates from all other tools (see «c», «d» and «e» above) which influence could be incorporated into either spot rate or interest rate. That is why we concentrated our attention at the analysis of interest rates paid at deposit accounts held by commercial banks at Central Bank and interest rate at which Central Bank is able to finance other banks at request («loan rate»). Every tool has different name in different currency zones, but plays the same general role.
The first tool, interest on deposits, determine the interest rate, which will be applied to the reserves, held by Commercial Banks (and other financial institutions) at Central Bank’s account. Because every Bank could in principle both lend excess reserves to other banks or decide to keep them at Central Bank’s account, this rate determines the opportunity cost of not providing the loan in the interbank market. If interest rate on deposits is negative, then financial institutions are effectively charged for keeping excess reserves and not investing them anywhere. Given the limited range of financial institutions with access to the interbank market in each of the currency zones, this creates the situation when financial institutions in the chosen currency zones see keeping excess reserves at CB account as the option of the lowest priority and lending money on the interbank market, even if not profitable (even in nominal values), but still represents the better option.
In Switzerland, interest on deposits is called «sight deposits rate[footnoteRef:60]» and is currently -0.75%, in Eurozone this rate is called «interest rate on deposit facility»  and is currently -0.5%, and in Japan this rate is called «policy rate»  and is currently at -0.1%. Hence, we could expect overnight rates to be slightly higher than the interest on deposits rate, but not necessarily positive. [60:  Sight deposits is a common name for all bank deposits which could be withdrawn upon notice of the holder] 

The second tool, Loan rate, represents the interest rate at which Central Bank is ready to provide loan to the financial institution. The presence of specific rate helps to achieve two goals: (a) it creates mechanism through which liquidity needs of financial institutions could be satisfied even at the times of financial crisis, and (b) it creates artificial bound for overnight interbank lending rates, because for each financial institutions Central Bank and other banks are, conceptually, the alternative sources of funding. Nevertheless, the funding through Central Bank is deemed to be problematic for every bank, because it means that the cost, at which this bank could receive financing through the other banks, is too high and unacceptable. This rate may not be used directly, but with adjustments made for the type of loan (collaterized or incollaterized), term (overnight or longer), credit quality of the borrower.
In Switzerland, loan rate is called «Liquidity shortage financial facility special rate» and is currently 0%, in Eurozone this rate is called «interest rate on main refinancing operations» and is currently 0%, and in Japan this rate is called «Basic loan rate» and is currently 0.3%.
During the time of COVID-19 crisis, in all of the three mentioned countries other actions were taken to support economy: in form of asset purchases, statement of target rates for certain government bonds (case of Japan, where Bank of Japan made clear announcement that it will take actions to maintain interest rate on 10-year Japanese Government Bonds at the level of 0%), purchase of corporate bonds and FX interventions (case of Switzerland, made to stabilize the value of CHF around certain level to prevent FX rate volatility and (possibly) counter upward pressure on USD/CHF and EUR/CHF rates (rise in swiss franc value against US dollar and Euro), which are relevant measures for the export-oriented economy of Switzerland[footnoteRef:61]. The mechanics of monetary policy tools could be illustrated by the following picture, where all stated rates are graphed.  [61:  In export-oriented economies, the costs of production are incurred in domestic currency and revenue inflows are denominated in the foreign currency. Hence, in case of domestic currency appreciation, producers siffer decrease in their revenues, when convert foreign currency revenue back to domestic currency. Switzerland, often seen as a «safe haven» for investments, thus needs to counter appreciation of CHF. Negative interest rates policy is particularly useful in this case, because it makes passive holdings in CHF (incl. investments in interbank loans) not profitable and hence, in theory, this negative interest rates policy should counter additional demand for CHF.] 

	Figure 6. Interest rates in Switzerland
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	Sources: Federal Reserve Bank of St. Louis, Swiss National Bank,  Refinitiv Eikon


As we could see, the normal situation is observed: SARON (which is the overnight interbank secured financing rate for Swiss banks in CHF) is higher than the interest rates on deposits, but lower than the loan rate. What is also interesting and could not be explained by pure theory, is the fact that overnight CHF LIBOR is lower than the SARON, while LIBOR is (by concept) unsecured lending rate and thus could be higher than the SARON.
The basic conclusions that could be made from the analysis of monetary policy in the currency zones with negative interbank interest rates is that the range of possible instruments used by Central Banks are within the traditional set of setting interest rate, making commitments and conducting asset purchases. But, as compared with the countries with positive interest rates, the manipulation of interest rates (loan rate and rate on deposit) is both less frequent and less expected by market participants (as could be seen from the dynamics of OIS rates). Having that interest rate is one of the component of FX future pricing, this conclusion is relevant for the conduction of our research further.

[bookmark: _Toc73483059]
2.3. RESULTS OF HYPOTHESES TESTING
We stated above, that we decided to break down hypotheses tested into two broad groups: hypotheses on interest rates and hypotheses in FX spot rates. To make presentation of hypotheses testing results comparable for the different contracts on different underlying FX rates, we decided to adopt approach of unification of main variables used in analysis, namely: (a) For FX spot rate returns: number of standard deviations was used instead of simple returns, (b) For FX futures price deviations: values are expressed in basis points.
[bookmark: _Toc73483060]2.3.1. Hypotheses on interest rates
LIBOR sensitivity
Generally speaking, there could be several ways how market participants may apply published interbank lending rates for FX futures valuation: 
interbank rate could be applied directly, as published. If this type of behavior is observed, then published rate is perceived as an indicator of real lending/ borrowing rate for institutional traders and thus could used in arbitrage transactions. If this is the case, at the time of LIBOR rates announcement, FX futures prices will be adjusted for the new interest rates published. Using the exact time of LIBOR publication (11:55 a.m., London Business hours) we could translate this value at Chicago time and calculate the difference at FX future prices at the time of LIBOR announcement;
interbank rate could be used together with implied positive spread, which is different for every market participant and could be determined by it’s credit rating and other factors. If this is the case, then the effect of non-relevance of LIBOR in it’s pure form will mute the effect of immediate repricing of FX futures for the new interest rates published.
interbank rate could be used in the pricing of other instruments, which are used by market participants as a reference points for the estimation of real lending/ borrowing rate. If this is the case, the effect of transition of LIBOR rates into the prices of mentioned «other instruments» and then to the FX futures may take time and thus the effect of adjustment of FX futures prices for the new interest rates published will be muted.
Combination of previous two previous ways: LIBOR with spread may be used for pricing of other instruments, which reflect real borrowing/ lending rate for the market participants. If this is the case, then the effect of adjustment of FX futures prices will also be muted.
Using simple adjustment for the time zones between Chicago time (IMM is located at Chicago and prices are reported as of Chicago time), and London (which time zone is used for the LIBOR publication time), we could calculate two different series of prices:

Table 7. Explanation of procedure applied to «LIBOR sensitivity» hypothesis
	Observed price change
	Theoretical price change

	Derived as a delta of observed market close (30-minutes) prices of FX future
	Derived as a delta in theoretical prices of FX future, derived from:
· Observed 30-minutes change in FX spot rate 
· Observed difference in LIBOR rate as compared with the previous day
Using the special assumption that if market participants rely on LIBOR in their FX futures valuations, they adjust the market price of instrument exactly at the direction which is implied by the new LIBOR rate published, we could derive two sets of theoretical price changes:

	
	1. Change in theoretical price, implied by full adjustment for FX rate change and LIBOR change

	2. Change in theoretical price, implied by the adjustment for only FX rate change


To formally test hypothesis, for each currency pair we calculated two variances:
(a) difference between observed price changes and theoretical price change, implied by full price adjustment, 
(b) difference between observed price change and theoretical price change, implied by only spot rate adjustment f
and then compared the results via deduction of (b) from (a). If the result is positive, it could be concluded that market participants tends to adjust their FX contracts price changes with respect to the changes in LIBOR rates, which affects both currencies in the FX future currency pair.
We also decided not to include FX futures with EUR as underlying rate, because of the presence of two EUR rates: EURIBOR and EUR LIBOR. They are published with 1 hour lag, which could bring a lot of noise in our valuation. 
Results of calculations for the currency pairs are as follows:


Table 8. Differences in correlation coefficients for the chosen currency pairs
	FX future currency pair
	Sample variance: deviation of observed price change from price change, implied by FX spot and interest rate adjustment (a)
	Sample variance: deviation of observed price change from price change, implied by only FX spot adjustment (b)

	USD/ CHF
	1,12992
	0,767644

	USD/ JPY
	1,8219
	0,6944

	USD/ GBP
	0,068409
	0,067146

	GBP/ JPY
	0,236856
	0,236261

	Source: Author’s calculations


On the basis of the analysis performed, we could conclude that, since in all currency pairs presented variance of the difference between observed and two kinds of theoretical values was bigger in case adjustment was full (including interest rate) instead of non-full adjustment for FX spot rate only, we could conclude that market participants tend not use quoted LIBOR rates, because FX futures prices are not sensitive to the changes in these rates at the moment of their publication. Hence, we should reject this hypothesis.

Implied risk-free rate
It is possible to extract implied risk-free rate, that provides zero deviation of the price of FX future from it’s theoretical value, using standard pricing formula and expressing one of the rates as the function of all other variables. 
Given that: 
, 
it could be determined that
 and hence:
, 

 – base currency risk-free rate
 – quote currency risk-free rate: interpolated LIBOR is used
 – closing price of FX future with 30-minutes update frequency
FX – closing FX rate updated every 30-minutes
act – number of days until expiration
This variable, «implied risk-free rate», may be useful for the purposes of assessment of deviation of FX future from theoretical price not in terms of basis points, but in terms of one of the risk-free rates used in valuation. We could state that for FX futures, where theoretical price calculated with quoted interbank rates does not deviate from observed price, implied risk-free rate should be close to the quoted interbank rate. But we could also state the limitations of this variable, if used in isolation: 
deviation of FX future price from it’s theoretical value may not be driven solely by the usage of other risk-free rates. 
if calculated for only one currency pair, implied risk-free rate is not representative, since, by the nature of the formula used, the lending rate for opposite currency in a pair influences the implied risk-free rate. As a consequence, we will calculate implied risk-free rate having only 2 or more currency pairs.
Taking into account all of the limitations listed, we decided to do the following: (a) calculate implied risk-free rates only for the currencies quoted through at least 2 currency pairs, (b) not to use currency pair, if in all cases opposite currency demonstrates significant and stable deviations from theoretical value[footnoteRef:62] (i.e. when it is obvious that rates used by market participants do differ from quoted rates (e.g., LIBOR)), (c) in case implied risk-free rate is lower than the quoted LIBOR rate, results will be reported, but ignored and not taken for further analysis, because we should not assume negative premium over LIBOR (or, in simple words, implied risk-free rate could not be less than LIBOR), (d) due to the design of the formula,  part of the formula becomes very big at the time of contract expiration and emphasizes even small price deviations, making overall implied risk-free rate nonrepresentative at the time close to the contract expiration. [62:  Mainly refers to USD. That is why it attracts our attention and we decided to calculate implied risk-free rate for USD also, but have not applied USD rate in calculations for other currencies.] 

The described procedure, described in more details in Appendix, was applied to the JPY, CHF, EUR and USD and yielded the following results, summarized at the graphs below.
Implied rates for the currencies are derived from the following currency pairs: 
for JPY: GBP/JPY, EUR/JPY, AUD/JPY;
for EUR: EUR/CHF, EUR/GBP;
for CHF: GBP/CHF, EUR/CHF;
for USD: CHF/USD, AUD/USD, EUR/USD, RUB/USD, CAD/USD.
Having analyzed the data, we could conclude that:
for JPY: deviations of  observed prices of JPY futures from their theoretical value could not be explained solely by the difference between JPY LIBOR and implied risk-free rate. 
for EUR and CHF: rates applied by market participants are very close to the CHF LIBOR and EURIBOR;
for USD: spread over USD LIBOR exists, but shows significant volatility. Given that the value of implied risk-free rate, calculated indirectly from observed FX futures prices, is dependent on supply and demand of FX futures markets, we should not treat the results obtained for USD «as is», but state that the presence of spread is detected by US.




	Figure 7. Implied risk-free rates in Japan, Eurozone, Switzerland and United States

	Implied JPY risk-free rate vs JPY LIBOR
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	Implied EUR risk-free rate vs EURIBOR
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	Implied CHF risk-free rate vs CHF LIBOR
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	Implied USD risk-free rate vs USD LIBOR
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	Source: Author’s calculations



Influence of OIS delta on FX future price deviation
The idea of the testing of this hypothesis was to measure the effect of the change in the expectation of interest rates level on FX futures price deviation from theoretical values. Basically, for testing this hypothesis, we have to decide on applicable proxy for interest rates expectations change. Given that almost all radical changes in interest rates are determined by Central Bank policy decisions and that the key tools – changes in the level of interest paid on deposits and loan rate, mainly affect overnight lending rates, we decide to choose OIS rates as a proxies for the rapid changes in expectations of interest rates over the life of the FX future.
To make our chosen proxy more suited for analysis in FX futures prices, we deducted OIS rates for each of the currencies in a pair and get «OIS differential». Then, the delta was calculated:
, where
 – OIS rate in quote currency, interpolated given the number of days until contract expiration
 – OIS rate in base currency, interpolated given the number of days until contract expiration
t – day, at which OIS rate is calculated
t-1 – previous day
Another decision was to decide on the applicable FX future price deviation measurement: deviation, computed at 30-minutes closing prices is not directly applicable, since the OIS rates are computed throughout the whole trade day and then reported as aggregated values (hence, no frequency higher than 1 day is applicable for us), and thus we cannot allocate exact value of OIS differential delta to exact value of deviation in 30-minutes closing prices to run regression. Hence, we decided to apply another approach: we used regression of daily average deviations vs OIS differential deltas.  The resultant regression equation looks as follows:
Fut daily devt = Intercept + β (t * act/365) + ε, where
Fut daily devt – Daily deviation of FX future price from theoretical value at day t
ε – residual
The coefficients of obtained regressions are reported in a table below:


	
	Table 9. OIS delta vs FX future daily deviation

	
	Intercept
	OIS diff delta * act/365, beta
	Significance[footnoteRef:63] [63:  P-value of the beta-coefficient of «OIS diff delta*act/365»] 

	R-squared

	USD/CHF
	2,1
	26475
	0,232
	1,3%

	GBP/CHF[footnoteRef:64] [64:  Contract was not liquid enough to run this test: as reported in a descriptive statistics only 373 observations within a sample period of 177 days were found: hence, contract was traded within just 373 30-minutes time periods within the whole set of 177 days.] 

	n/a 
	n/a
	n/a
	n/a

	EUR/CHF
	0,07
	-41972
	0,119
	2,6%

	EUR/GBP
	-0,3
	15380
	0,608
	0,3%

	EUR/USD
	1,9
	-7786
	0,269
	1,5%

	EUR/JPY
	-1,6
	-9936
	0,760
	0,1%

	JPY/USD
	3,3
	3334
	0,381
	1,0%

	GBP/JPY
	-1,2
	-77439
	0,018
	4,7%

	AUD/JPY
	-1,08
	20842
	0,906
	0,0%

	

	RUB/USD
	4,6
	14151
	0,458
	2,0%

	AUD/USD
	0,9
	-6270
	0,571
	0,5%

	CAD/USD
	2,8
	-6777
	0,865
	0,1%

	Source: Author’s calculations
	


Speaking on the limitations of this approach, we could state that it is possible that even in the presence of influence of interest rates expectations change, this effect could be absorpted into FX futures prices quickly enough without significant influence on daily deviation values, thus making the effect undetected by statistical analysis. 
Based on the data presented, we could reject the hypothesis and state that the change in interest rates expectations is either does not change the deviation of price of FX future price from it’s theoretical value, or this effect, if present, is not long-lasting and does not affect daily deviation average.


Correlation of interest rate differential and FX spot rate
This hypothesis is influenced by the idea by Hull, J: «When interest rates vary unpredictably (as they do in the real world), forward and futures prices are in theory no longer the same. We can get a sense of the nature of the relationship by considering the situation where the price of the underlying asset, S, is strongly positively correlated with interest rates. When S increases, an investor who holds a long futures position makes an immediate gain because of the daily settlement procedure. The positive correlation indicates that it is likely that interest rates have also increased, thereby increasing the rate at which the gain can be invested. Similarly, when S decreases, the investor will incur an immediate loss and it is likely that interest rates have just decreased, thereby reducing the rate at which the loss has to be financed. The positive correlation therefore works in the investor’s favor. An investor holding a forward contract rather than a futures contract is not affected in this way by interest rate movements. It follows that a long futures contract will be slightly more attractive than a similar long forward contract. Hence, when S is strongly positively correlated with interest rates, futures prices will tend to be slightly higher than forward prices. When S is strongly negatively correlated with interest rates, a similar argument shows that forward prices will tend to be slightly higher than futures prices»[footnoteRef:65]. [65:  Hull, J. Options, Futures and other Derivatives. 2018; p. 118] 

In practice, to test this idea we have to define what are «interest rates» to which Hull refer. This question is not as easy because (1) not interest rates are used in pricing, but their differential, and (2) interpolation is applied for the valuation.
The ways of testing this hypothesis will differ as «Interest rates» used differ. We have defined three possible ways of definition of this variable in the context of testing this hypothesis: (a) differential of interpolared LIBOR/EURIBOR rates, (b) interpolated LIBOR/EURIBOR rate for the quote or the base currency calculated separately, (c) 3-months LIBOR/EURIBOR rates for the quote and for the base currency[footnoteRef:66], (d) differential of 3-months LIBOR/EURIBOR rates ; [66:  3-month interbank rate is the most common indicator for referencing interbank money market rates, e.g. 3m LIBOR is extensively used in floating rate notes pricing.] 

First way is the most strict in terms of validity, because it incorporates both directions of aribitrage: the one that implies borrowing in the base currency market and the one that implies lenging in the quote currency market. It also incorporates the interpolation effect. But we believe that this approach is unlikely to be used in pricing, as well as the second, because of its complexity. At the same time, option (d) provides us with check of stated hypothesis without imposition additional steps not expected to be performed by market participants. The only adjustment we have to make is the adjustment for the currencies where no 3-months interbank rates are quoted (or, if quoted, are less likely to be used in valuation[footnoteRef:67]): Canada, Australia, Russia. In these cases we used overnight lending rates. [67:  When applied, provide more deviation of observed price from it’s theoretical value] 

	Table 10. Scatterplot: Correlation between Interest rates differential and FX spot rate vs deviation of FX future price from theoretical value
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	«Negative set» FX futures           «Reference set» FX futures

	Source: Author’s calculations


Regarding this hypothesis, we could say that no relation between positive correlation between spot rate and interest rate differential influence FX futures prices in reality. Hence, we should reject this hypothesis.
To sum up main results of testing interest rates related hypotheses, we could state that:
As could be seen from the data on implied interest rates, implied rates for CHF and EUR are very close and practically undistinguishable from CHF LIBOR and EURIBOR. Thus, these benchmarks are at least relevant for the pricing of CHF and EUR related FX futures;
Nevertheless, the LIBOR is not used directly in the pricing of contracts, because change in announced LIBOR rate (as compared with the rate of previous day) does not lead to immediate repricing of FX future given the new rate;
The reason for relative underpricing of JPY future does not lie in any of the studied hypotheses[footnoteRef:68]; [68:  We could mention again that the overpricing of JPY/USD future could be interpreted as underpricing of USD/JPY future (theoretical, inverted version of traded JPY/USD contract)] 

Presence, or lack of, correlation between FX spot rate and interbank rates does not influence the relative deviation of FX future price from it’s theoretical value;
If changes in the expectation of overnight interest rates changes over the life of the contract influence the FX future prices, this influence is rather short-lived and the price is adjusted quick enough not to influence the daily averaged deviations;


2.3.2. [bookmark: _Toc73483061]Hypotheses on FX spot rates
Before moving into statement of hypotheses on FX spot rates, we have to understand which parameters of FX spot rate could be analyzed by us and the context of FX future and FX spot markets.
First of all, concerning FX spot market trading volumes: unfortunately, no data on FX spot trade volume is provided by Refinitiv Eikon, when data is aggregated into 30-minutes updated values, but only «ask», «bid», «high» and «low» values are available. Thus, the only real analytical metric available for us is FX spot price return. For convenience of analysis, we decided to define FX spot price as a mean of FX spot ask and bid prices: this provides possibility to calculate FX spot return relatuvely easy and also to use this value for the FX futures valuation.
Concerning the measurement of return: for the different analytical metrics of FX futures to be comparable with each other, we decided to use such single metric of FX spot return as the number of standard deviations of return:
We defined two possible hypothesis, for which we both used FX spot return as a explanatory variable: under the first hypothesis, the absolute[footnoteRef:69] value of standard deviations of FX spot return[footnoteRef:70] was regressed against FX future price trade volume, so that [69:  Because trade volume is always positive and reported for both short and long positions in FX futures, both upside and downside FX spot rate movements could result in increase in FX future trade volume. To capture this effect we applied absolute value for FX spot return. For the second hypothesis this action was not required.]  [70:  In this case, it is necessary to use absolute value, because both upward and downward movement in FX spot rate could result in demand for FX futures] 

FX future price trade volume = Intercept + β(abs_FX_spot_delta) + ε
under the second hypothesis, the number of standard deviations of FX spot return was regressed against deviation of FX future price from theoretical value, so that
FX future price deviation (in b.ps)= Intercept + β(FX_spot_delta) + ε
The results of the regression analysis are reported in a table below:








Table 11. Results of testing hypothesis on influence of FX spot rate on FX future trade volume and FX future price deviation from theoretical value
	
	FX spot delta (in absolute values of stand. deviations) 
vs FX future trade volume (in number of contracts) 
	FX spot delta (in stand. deviations) 
vs FX future price deviation (in b.ps)

	 
	Intercept
	Intercept p-value
	Beta-coef, abs FX spot delta
	Beta 
p-value
	R-squared
	Intercept
	Intercept p-value
	Beta-coef, FX spot delta
	Beta 
p-value
	R-squared

	CHF/USD
	296,7
	<0.01
	236,5
	<0.01
	6,0%
	0,9
	<0.01
	-0,36
	<0.01
	3,2%

	GBP/CHF
	n/a
	-
	-
	-
	-
	-
	-
	-
	-
	-

	EUR/CHF
	24
	<0.01
	8,3
	<0.01
	0,4%
	0,2
	<0.01
	-0,64
	<0.01
	7,3%

	EUR/GBP
	36
	<0.01
	45,7
	<0.01
	3,7%
	-0,2
	<0.01
	-0,61
	<0.01
	3,7%

	EUR/USD
	1302,5
	<0.01
	24375,4
	<0.01
	4,3%
	0,8
	<0.01
	-10,51
	<0.01
	3,2%

	EUR/JPY
	30,8
	<0.01
	20,16
	<0.01
	1,0%
	-1,5
	<0.01
	-0,62
	<0.01
	3,7%

	JPY/USD
	1062,8
	<0.01
	859,7
	<0.01
	12,7%
	2,2
	<0.01
	-0,19
	<0.01
	1,3%

	GBP/JPY
	3
	<0.01
	5,8
	<0.01
	13,1%
	-1,4
	<0.01
	-2,36
	<0.01
	10,3%

	AUD/JPY
	4,3
	<0.01
	2,093
	<0.01
	3,7%
	-1,7
	<0.01
	-3,31
	<0.01
	10,3%

	 
	
	
	
	
	
	
	
	
	
	

	RUB/USD
	71,3
	<0.01
	89,8
	<0.01
	5,3%
	4,5
	<0.01
	-1,03
	<0.01
	1,3%

	AUD/USD
	1023,8
	<0.01
	1023
	<0.01
	12,5%
	-0,2
	<0.01
	-0,14
	<0.01
	0,5%

	CAD/USD
	627,3
	<0.01
	662,6
	<0.01
	6,4%
	0,9
	<0.01
	-0,68
	<0.01
	3,9%

	GBP/USD
	231,8
	<0.01
	182,0
	<0.01
	1,2%
	-0,01
	<0.01
	-0,6
	<0.01
	5,0%


Source: Author’s calculations

Table 12. Scatterplot of FX spot return effect and FX future trade volume. 
GBP/JPY December FX future example
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Source: Author’s calculations
Before making conclusions on regression results, we want to state that, because FX future trade volume is used «as is» (in number of contracts traded within 30-minutes period), but FX spot delta and FX future price deviation were used in standardized form of standard deviations and basis points, results for the first hypothesis are not directly comparable across currency pairs in regression coefficients, but results for the second hypothesis are comparable.
We could make several conclusions on FX spot rate influence on FX future prices: 
reported dependence of spot returns on FX future trade volume is, in general, low, and high R-squared values are rare across almost all currency pairs; 
negative beta-coefficients reported in the results of the second hypothesis are surprising and mean that, in general, upward movements in FX spot rate result in more negative value of deviation («underpriced» contracts become more underpriced and «overpriced» contracts become less overpriced). Though, the interpretation of these values should not be as straightforward, because the prices are collected each 30-minites period and it could be possible in this case that, because of the higher liquidity in the spot market as compared with FX futures market, closing price of FX rate was derived more close to the end of 30-minutes period than the closing price of FX futures, 
in general, effect of spot price movement was slightly more strong for FX futures with negative interest rates as compared with other FX futures. 

2.4. [bookmark: _Toc73483062]CONCLUSIONS
We have conducted research of the drivers of FX futures prices on a currency pairs, where at least one currency has negative domestic interbank lending rate. Assuming that LIBOR, EURIBOR and OIS rates are the best possible benchmark rates to be used in calculation of theoretical prices of FX futures, we were able to compare prices of FX futures traded at CME with their theoretical values and calculate the difference. The results of the analysis could be summarized as follows:
· contracts that reference Swiss Franc (CHF) and Euro (EUR), observed price of exchange-traded future does not deviate significantly from it’s theoretical value, which suggest us to think that the rates used by market participants for the valuation of CHF and EUR futures are close to the Swiss Franc LIBOR and EURIBOR;
· At the same time, it was determined that the market participants do not adjust prices of FX futures given the new rates at the time when LIBOR rates are announced. This suggest us to think that quoted offered rate are not applied «as is» in FX future valuation and market makers use other reference rates to price contracts. Though, at least for Swiss Franc and Euro, these rates are close on average to the quoted «offered rates». 
· We suggest that, given that for two major currencies (Swis Franc and Euro) prices of FX futures does not deviate significantly from their theoretical values, we could imply efficient transfer of negative interest rates from the currency zones where they are stated (e.g. Switzerland or Eurozone), to other jurisdictions in other currency zones. At least this conclusion is applicable for institutional traders/ market makers. They are agents that, by providing liquidity, contribute to the proximity of exchange price to it’s theoretical value even in the presence of negative interest rates. So, in general we could state that, by observing FX future trading data, we could imply that negative interest rates are representative as a rates of lending and borrowing for those organisations, that have much contribution to the total trade volume in CME;
· In United States, where interest rates are non-negative, the implied risk-free rate used for valuation is consistently higher than USD LIBOR meaning that representativeness of USD LIBOR is not as high as the representativeness of CHF LIBOR and EURIBOR;
· Overnight rates in the form of their expected values during the term of the contract (OIS rates), are either not applied for FX futures valuation, or applied indirectly with significant spread. This could be explained by possible effect of the values of derivatives portfolios. These conclusions are supported by by researches of consultants and investment holdings[footnoteRef:71].  [71:  For example, effect of possible revaluation of derivatives portfolio if transfer from LIBOR to the risk-free rates, based on overnight rates occur, is addressed by BlackRock and KPMG:
Blackrock. BlackRock’s Guide to LIBOR Transition. April, 2020. https://www.blackrock.com/corporate/literature/whitepaper/viewpoint-blk-guide-libor-transition-april-2020.pdf 
KPMG. Moving to new risk-free rates. January, 2019. https://assets.kpmg/content/dam/kpmg/xx/pdf/2019/01/evolving-libor-risk-free-rates.pdf ] 

· Concenring mentioned goal of «identification of the drivers of pricing of FX futures on currencies with negative domestic interbank interest rates, performed via analysis of the deviations of FX futures prices from the theoretical values» we could state that, with regards to the pricing mechanism, based on relative value of money and potential interest earned in one currency against other cuurency, no conceptual difference in pricing drivers is observed for FX futures where at least one currency has negative interbank ledning/ borrowing rate as compared with FX futures on currencies where both currency have positive interbank lending rates. Rates of all levels are applied for FX futures valuation.
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	[bookmark: _Toc73483064]Appendix 1. Graphical presentation of calculation results

	JPY/USD FX future price deviation from theoretical value
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	CHF/USD FX future price deviation from theoretical value
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	EUR/CHF FX future price deviation from theoretical value
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	AUD/JPY FX future price deviation from theoretical value
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	EUR/GBP FX future price deviation from theoretical value
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	GBP/CHF FX future price deviation from theoretical value
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	RUB/USD FX future price deviation from theoretical value
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	AUD/USD FX future price deviation from theoretical value
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	CAD/USD FX future price deviation from theoretical value
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	GBP/USD FX future price deviation from theoretical value
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Source: Author’s calculations



[bookmark: _Toc73483065]Appendix 2. Details of implied risk-free rate calculation
The full process of derivation involves not only using the formula (it will provide us with erroneous volatility of implied risk-free rate), but involves other processes which are crucial for the calculation. The full process of derivation of implied risk-free rate looks as follows:
For each of the relevant currency pairs involving EUR, JPY or CHF, series of implied risk-free rates are calculated based on series of 30-minutes closing prices;
Because rates calculated at this values show significant volatility, daily averages of implied RFR are calculated;
Averages across all currency pairs are calculated, if (and only if) there is data on RFRs derived from at least 3 currency pairs at the given day;
10-days moving average is calculated to smoothen the resultant RFR.
Resultant RFR is (1) interpolated (2) derived from many FX futures (3) calculated for December, March and June futures separately and (4) could be easily compared with interpolated LIBOR rate.
Here we attach table which shows steps for the calculation of implied RFR for JPY.
Table 13. Example of implied risk-free rate calculation for JPY
	Date
	Daily value of implied RFR, derived from
	JPY LIBOR, interpolated
	Average implied JPY RFR
	Implied RFR 10-days moving average

	
	JPY/USD
	GBP/JPY
	EUR/JPY
	AUD/JPY
	
	
	

	30.11.2020
	-0,3150%
	-0,7141%
	-0,3159%
	0,1144%
	-0,1132%
	-0,3076%
	-0,1885%

	01.12.2020
	-0,3287%
	-0,2062%
	-0,2605%
	-0,1712%
	-0,1133%
	-0,2417%
	-0,0940%

	02.12.2020
	-0,2643%
	-0,1646%
	-0,0978%
	-
	-0,1109%
	-0,1756%
	-0,1591%

	03.12.2020
	-0,2600%
	0,6165%
	-0,0292%
	-
	-0,1064%
	0,1091%
	-0,1499%

	04.12.2020
	-0,1661%
	0,5647%
	-0,1139%
	-1,2553%
	-0,0979%
	-0,2426%
	-0,1376%

	06.12.2020
	-
	-
	-
	-
	-
	-
	-0,1376%

	07.12.2020
	-0,3359%
	1,6888%
	-0,1966%
	0,9112%
	-0,0980%
	0,5169%
	-0,1163%

	08.12.2020
	-0,2935%
	-1,5676%
	-0,3933%
	-
	-0,1075%
	-0,7515%
	-0,0984%

	09.12.2020
	-0,1984%
	2,8127%
	-0,7874%
	-1,9002%
	-0,0934%
	-0,0183%
	-0,0855%

	10.12.2020
	-0,0413%
	0,2080%
	-0,5471%
	-
	-0,0886%
	-0,1268%
	-0,1245%
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